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IMPLEMENATATION OF ADDITIVE PRINT MANUFACTURING PROCESSES FOR THE
DEVELOPMENT OF FLEXIBLE THERMAL SENSORS
Vikram Shreeshail Turkani, M.S.E.
Western Michigan University, 2018

This work focuses on the design, fabrication and characterization of novel flexible thermal
sensors using additive print manufacturing processes. Initially, a carbon nanotube (CNT) based
negative temperature coefficient (NTC) thermistor was fabricated on a flexible polyethylene
terephthalate (PET) substrate using screen and gravure printing processes. The thermistor consists
of two silver (Ag) electrodes deposited using screen printing process. A CNT based sensing layer
was deposited using gravure printing process on the Ag electrodes. Finally, a primary polymer and
a secondary Ag encapsulation layer were deposited using screen printing process. The capability
of the fabricated thermistor was investigated by measuring its response towards temperatures
varying from -40 °C to 100 °C, in steps of 10 °C. In addition, its stability towards relative humidity
(RH) varying from 20% RH to 70% RH, in steps of 10% RH at two constant temperatures of 30 °C
and 50 °C, was also studied.
Then, a fully printed nickel (Ni) based resistance temperature detector (RTD) was
fabricated on a flexible polyimide (PI) substrate using screen printing process. The capability of
the printed RTD was demonstrated by measuring its resistive response for temperatures varying
from -60 °C to 180 °C, in steps of 20 °C and its sensing characteristics such as linearity, sensitivity
and repeatability were analyzed. From the results obtained, it is evident that the fabricated thermal
sensors using additive print manufacturing processes have the capability to be employed for
temperature sensing applications in biomedical, automotive, robotics, and food industries.
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CHAPTER I
INTRODUCTION
1.1

Background
Over the recent years, a highly feasible and innovative amalgamation of three branches

of technology – microelectronics, chemistry and printing has emerged to be a key player in
developing flexible hybrid electronics [1]. A considerable amount of research has been put into
effectively and efficiently developing electronic devices on flexible substrates [2-28]. FHE
commonly uses traditional additive printing processes such as screen [29, 30], inkjet [31, 32],
flexography [33, 34], aerosol [35, 36] and gravure printing [37, 38] for the fabrication of
electronic devices. These processes offer great advantages such as roll-to-roll (R2R) fabrication,
low

fabricating

temperatures,

mechanical

flexibility,

light-weight,

cost-efficient,

miniaturization, high throughput less wastage of material during fabrication [39-43]. Many
researchers have successfully developed electronic devices such as organic thin film transistors
[44], RFID tags [45], sensors [46-51], solar cells [52], and strain sensors [53] using the traditional
printing processes at laboratory scale. Further, some of the developed printed electronic sensors
such as temperature sensors, photodetectors or gas sensors on flexible platforms are now
transitioning from R&D labs to industrial scale mass production indicating the growth of this
emerging field [36]. .Dr Guillaume Chansin in his report titled “Printed and Flexible Sensors
2017-2027: Technologies, Players, Forecasts” predicts the market for printed and flexible
sensors to reach $7.6 billion by 2027 [54].
As a fundamental property of thermodynamics, temperature is probably regarded as the
most important variable of state. Be it in determining the speed of chemical reactions, the
reproduction of living cells, the efficiency of thermal engines, or the emission of thermal

1

radiation; almost every physical, chemical and biological process is influenced by temperature
[37]. In addition, our everyday life depends strongly on temperature. This ubiquitousness makes
temperature one of the most frequently measured physical quantity [55].To address this need,
research has focused on developing novel and cost-efficient, contact and non-contact type
temperature sensors. Non-contact type sensors are based on the principal of measuring thermal
emission of electromagnetic radiation [56]. Thermocouples, thermistors, and resistance
temperature detector (RTD) form contact type sensors, which are based on the Seebeck effect,
temperature dependence of transitional metal oxides and metals respectively [57]. Currently
these contact sensors are being fabricated on rigid structures such as ceramic or alumina
substrates, using conventional fabrication techniques such as photolithography, thermal
evaporation processes, tape casting, sintering, and sputtering [57-59]. These techniques are
relatively expensive and time consuming, as they require high vacuum, large power density, and
a high temperature environment thus preventing the use of thermistors in applications that
require mechanical flexibility and conformal form factors. To overcome the disadvantages
associated with the traditional temperature sensors, the author was interested in exploring
additive printing techniques to develop flexible temperature sensors. A flexible printed
temperature sensor could offer significant potential for wearable electronics applications where
light weight, conformability with large scale manufacturing capabilities are paramount for
improved user-device interactions.
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1.2

Author’s Contributions

Conference Papers
1.

V. S. Turkani, D. Maddipatla, B. B. Narakathu, B. J. Bazuin, M. Z. Atashbar, “A Fully
Printed CNT Based Humidity Sensor on Flexible PET Substrate”, 17th International
Meeting on Chemical Sensors (IMCS), July 15-19, Vienna, Austria, pp. 519-520, 2018,
DOI: 10.5162/IMCS2018/P1FW.5.

2.

A. K. Bose, D. Maddipatla, B. B. Narakathu, V. S. Turkani, B. J. Bazuin, M. Z.
Atashbar, “Flexible Microplasma Discharge Device for the Detection of Biochemicals”,
17th International Meeting on Chemical Sensors (IMCS), July 15-19, Vienna, Austria,
pp. 419-420, 2018, DOI: 10.5162/IMCS2018/ME.4.

3.

D. Maddipatla, B. B. Narakathu, V. S. Turkani, B. J. Bazuin, M. Z. Atashbar,
“Development of a Gravure Printed Flexible Electrochemical Sensor”, 17th International
Meeting on Chemical Sensors (IMCS), July 15-19, Vienna, Austria, 2018 pp. 734-735,
2018, DOI: 10.5162/IMCS2018/P2EC.19.

4.

V. S. Turkani, D. Maddipatla, B. B. Narakathu, B. J. Bazuin, M. Z. Atashbar, “A printed
and flexible CNT based negative temperature coefficient thermistor”, 28th Anniversary
World Congress on Biosensors, June 12-15, Florida, USA, 2018 (Accepted).

5.

D. Maddipatla, B. B. Narakathu, V. S. Turkani, B. J. Bazuin, M. Z. Atashbar,
“Development of a fully printed flexible paper based electrochemical sensor”, 28th
Anniversary World Congress on Biosensors, June 12-15, Florida, USA, 2018 (Accepted).

6.

V. S. Turkani, D. Maddipatla, B. B. Narakathu, B. J. Bazuin, M. Z. Atashbar, “A Fully
Printed Carbon Nanotube (CNT) Based Thermistor”, Flexible and Printed Electronics
Conference (FlexTech), February 12-15, Monterey, California, USA, 2018.
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7.

D. Maddipatla, B. B. Narakathu, V. S. Turkani, B. J. Bazuin, M. Z. Atashbar,
“Development of a Flexible Strain Gauge on Paper Based Platform Using Additive
Printing Process”, Flexible and Printed Electronics Conference (FlexTech), February 1215, Monterey, California, USA, 2018.

8.

D. Maddipatla, B. B. Narakathu, V. S. Turkani, B. J. Bazuin, M. Z. Atashbar, “A Novel
and Flexible Screen Printed Electrochemical Sensor on Paper Substrate”, Flexible and
Printed Electronics Conference (FlexTech), February 12-15, Monterey, California, USA,
2018

Journal
1. V. S. Turkani, D. Maddipatla, B. B. Narakathu, B. J. Bazuin, M. Z. Atashbar, “A Carbon
Nanotube Based NTC Thermistor using Additive Print Manufacturing Processes”,
Sensors & Actuators: A. Physical, 2018, DOI: 10.1016/j.sna.2018.05.042

1.3

Organization of the Thesis
The rest of this thesis is divided into six chapters. Chapter 2 provides an introduction to

sensors, smart sensor systems, types of sensors and sensor characteristics. Chapter 3 presents an
introduction to printed electronics and description of various printing techniques. In chapter 4
and 5, the author discusses two research projects about flexible thermal sensors in detail that
have been performed. Chapter 4 includes details about design, fabrication steps, characterization,
test set-up used and results of a fully printed carbon nanotube based flexible thermistor. Chapter
5 presents a discussion on novel printed nickel based flexible RTD. It includes details about RTD
fabrication, various configurations, characterization, test set-up and results. Finally, chapter 6
summarizes this work with conclusions and suggestions for future research and development.
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CHAPTER II
INTRODUCTION TO SENSORS
2.1.

Introduction
An entity or a device, which responds by changing its properties to any physical,

chemical or biological measurand, can be termed as a sensor. This definition of a sensor covers
a broad range of phenomena ranging from human ears to the myriad of sensors present in rockets
or the space shuttles. The concept of sensing is found as an inherent property in humans (Fig.
2.1). Human sensing systems, consisting of sensory organs such as eyes, skin and ears, interact
with the surroundings and translate the inputs into stimuli. This allows the humans to react
towards what is happenings in the surroundings or allows humans to perform an activity. For
instance, human eyes and ears are the optical and auditory sensors for someone watching
television. They transform the input consisting of information to the brain for recognition. Thus,
in a broader sense, every sensing system detects critical inputs and provides output information
in necessary patterns for decision-making processes.

Figure 2.1. Human sensory system.
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Present-day sensors can be classified into natural and man-made sensors. Natural sensors
are the inherent sensors found in living organisms, in which the information is transmitted in
electrochemical form through an ion-transfer mechanism. However, in man-made sensor
systems, the information is seldom transmitted and processed using a similar mechanism. Due
to this, the ability of such sensors to demonstrate a response towards input signals and transform
the information into an electrical signal is critical and advantageous in the realization of smart
sensing systems. Therefore, in a narrower sense an electrical sensor can be termed as an entity,
which responds with an electrical signal upon encountering a measurand. The measurand here
can be a physical/chemical quantity or a condition that is sensed and transformed into a readable
electrical signal compatible with electronic circuits and systems [1, 2].
With the invention of the gyroscope by Jean Bernard Leon Foucault in 1852 [3],
Alexander Graham Bell’s first crude metal detector in 1881 [4] and Warren S. Johnson’s first
electric thermostat in 1883 [5], advancements in the fields of material sciences and engineering
led to a revolution of sensor technology [6 - 12] as early as the 19th century. The rise in
semiconductor technology and silicon technology in the 20th century has introduced a new set of
miniaturized sensing devices with more advanced features and better characteristics for
individual sensors, such as improved accuracy, less response time, increased reliability and
portability [13-23].
Electrical sensors are classified based on how the input is transformed into a response,
either as direct or as complex sensors [72]. A simple sensor that converts the input excitation
into a readable electrical signal is characterized as a direct sensor, whereas complex sensors
require one or more transduction processes to perform the same.
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Electrical sensors are further classified based on the operating principle. From the signal
condition point of view, sensors are typically either active or passive [73, 74]. Active sensors
generally require an external source for their operation. While the passive sensors do not require
an external power supply as they generate their own energy or derive the output from the
phenomenon measured. Thermocouples and piezoelectric strain sensors are good examples of
passive sensors. While the resistive strain sensors and thermistors belong to active sensors since
their resistance is measured as a function of strain and temperature respectively, by passing an
external excitation current to the device and recording the voltage.
Furthermore, sensors can also be classified based on the selected reference as absolute or
relative sensors. A sensor that senses the stimulus in reference to an absolute physical scale,
independent from the condition of measurement, is called absolute sensor. Whereas, a relative
sensor detects the measurand in reference to a signal related to some special case. A thermistor
is a good example of an absolute sensor as its electrical resistance directly relates to the absolute
temperature scale of Kelvin, while a thermocouple produces an electric voltage, which is a
function of the temperature gradient across the bimetallic strip [75].

2.2.

Smart Sensing Systems
By definition, a smart sensing system is a combination of sensing elements with

processing capabilities provided by intelligent processing units such as a microcontroller or
microprocessor. In essence, these systems possess embedded intelligence. Signals from the
sensors are fed into a microprocessor, which processes the data, and provide informative outputs
to the user [76]. A detailed diagram of a smart sensor system is as shown in Fig. 2.2. The general
architecture of a smart sensor system consists of sensor and transducer elements, signal
conversion and processing components, communication interfaces, and a self-contained power
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source [77, 78]. A sensor or transducer element form the primary sensing element of the smart
sensor system. It measures the measurand, which can be in any form such as temperature,
pressure, flow etc., and the electrical signal (obtained from the conversion of
physical/chemical/biological parameters), from the sensor or transducer element. Often the
sensed signal will be amplified. If the amplified electrical signal is difficult to read with noise, it
will be conditioned (using filtering, and or amplification) using a signal conditioner and
converted to an easily readable format for further processing. Analog to digital converters are
often used to convert the conditioned analog signal to digital values where they may be further
processed, if necessary, by signal processors (using different techniques such as mathematical
modeling, algorithms etc.). Such processing allows a user to be able to understand the digital
numeric information in the signal or send it to a communication interface or computer and
provide the corresponding measurement to the input measurand [79, 105].

Smart Sensor System

Figure 2.2. Smart/intelligent sensor system.
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2.2.1 Types of Sensors
Sensors can sense external stimuli using various detection means and therefore can be
termed as thermal, mechanical, acoustic, optical, chemical and biological sensors depending
upon the different detection modes. The workings of some of the sensors are discussed below.

2.2.1.1

Thermal Sensors

Temperature is the measurement of average changes in the kinetic energy/internal energy
of atoms or molecules in a system. A thermal sensor is an instrument that detects and quantifies
temperature [72, 82]. They work on the principle of measuring a change in temperature or heat
of the sensor with respect to a change in the input measurand. The measured temperature of the
thermal sensor is proportional to the input stimulus/measurand. To understand the concept
behind the working of a thermal sensor consider a fundamental or basic bimetallic thermostat.
Bimetallic thermostats consist of two metallic strips as shown in Fig. 2.3 (a). Both metals have
different coefficients of thermal expansion (α) and are attached together at a specific temperature
using various techniques, such as bolting, riveting, and fastening. One side of the bimetallic strip
is supported by a fixed end and the other one is left free. Let one metal strip be Metal A with a
coefficient of thermal expansion (αA) and other metal strip be Metal B with a coefficient of
thermal expansion (αB). The basic principle of working behind the bimetallic thermostat is that
the different metals behave differently at varying temperatures (either expand or contract). So,
when there is a change in temperature, either of the metals expand or contract more than the
other depending on their coefficient of thermal expansions results in bending or a curvature
change at the free end of the bimetallic strip in the thermostat (Fig. 2.3 (b)).
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(a)

(b)

Figure 2.3. Schematic of bimettalic thermostat (a) structure of bimetallic strip at normal
condition and (b) strucutre of bimetallic strip while temperature changes.
The radius of the curvature or bend is given by ρ [48],

ρ=

1
)]
𝑚𝑛
6 (α2−α1)(∆T)(1+m)2

t[3(1+m)2 +(1+𝑚𝑛)(𝑚2 +

(1)

where, t is the overall thickness of the strip, m is the ratio of thickness, n ins the ratio of young’s
moduli and ∆T is the change in temperature. The indicator or pointer attached to the bimetallic
strip will move over the scale when the temperature changes. This movement will be in
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proportion to the circular bending of the bimetallic strip. These types of thermal sensors find
applications to monitor the temperature as well as circuit breakers in various devices such as
refrigerators, air conditioners, thermostat switches and in electrical heating devices, [80, 81].

2.2.1.2

Acoustic Sensors

Sensors that detect the propagation of the acoustic wave through or on the material are
known as acoustic wave sensors. The amplitude and/or the velocity of the propagated wave
changes with respect to the characteristics of its surrounding medium, which can be monitored
by observing the difference in frequency and phase characteristics of the sensor. Further, these
changes will be proportional to the input quantity (such as pressure, humidity, magnetic fields,
viscosity, temperature, biological matter, chemical vapors, mass) being measured [72, 84]. To
understand the concept of an acoustic sensor, consider a basic acoustic wave gas sensor (Fig.
2.4).

Figure 2.4. Schematic of surface acoustic wave sensor.
The sensor consists of a piezoelectric substrate, interdigital transducers, a gas sensitive layer/film
deposited on the detector surface and a peripheral electronic circuit. The sensitive layer should
be highly selective to a particular gas, even in a mixture of gasses. When the sensitive film
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absorbs the gas molecules from the surrounding medium, the velocity and/or the amplitude of
the output wave will be attenuated. The details of the gas content is determined using electronic
systems such as oscillators by measuring changes in the phase and frequency characteristics of
the amplified wave. Acoustic sensors have found many applications in various fields and can be
used as a pressure sensor, humidity sensor, temperature sensor, RFID sensor and much more
[83-86, 97-101].

2.2.1.3

Mechanical Sensors

Mechanical sensors work on the priniciple of detecting the mechanical deformation of a
material and translating it to a readable electrical signal. Pressure, strain, stress, acceleration,
position, and angle are some of the important mechanical properties that can be measured using
mechanical sensors [72, 82]. The concept behind the working of most mechanical sensors can
be understood through a strain gauge. A strain gauge measures the strain created on an object
due to an external force. The strain gauge typically contains a conductive material (metal) in a
meander line pattern with terminals at both the ends to facilitate electrical connection as shown
in Fig. 2.5. When an object is subjected to strain by physically deformation within its elasticity
limits results in a change of electrical resistance of the conductive material in proportion to the
strain experienced. Strain gauges are primarily used to measure the strain experienced by
buildings or any other physical structures. They are also used to investigate on the fatigue life of
various components in aircraft and automobiles [87, 88].
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Figure 2.5. Schematic of strain gauge.

2.2.1.4

Optical Sensors

Optical sensors work on the principle of converting the measurand into an optical
quantity and further generate an electrical signal proportional to the measurand using an
optoelectronic transducer. These sensors measure either the intensity change, a phase change or
a reflectance change of a light beam due to the input measurand and convert it into an
proportional electrical signal [72, 82, 102]. Common detection techniques used in such sensors
are light scattering, spectral transmission changes, radioactive loses or micro bending. They have
many advantages such as electrical passiveness, multiplexing capabilities, wide dynamic range,
and high sensitivity. The concept of optical sensors can be understood using the through-beam
photoelectric sensor (Fig. 2.6). This sensing system consistis of two components i.e., emitter and
receiver. The emitter houses a light beam source (infrared or UV or visible) and transmits the
light directly to the receiver, which is a one-way noncontact transmission. If any object or an
obstacle comes in the way of transmission, the receiver may pick up a weak transmitted light
beam or may not detect anything. This changes the output state of the receiver. The through-
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beam sensor system is mainly used in production monitoring, package detection, motion
detection, skewed lid detection, tool verification, and parts counting [89-93].

Figure 2.6. Schematic of through-beam photoelectric sensor.

2.2.1.5

Chemical and Biological Sensors

A chemical or biosensor sensor is a device that contains a chemically or biologically
sensitive film. These sensors generate signals corresponding to a given chemical measurand [72,
82]. The generated signal provides the information related to the identification and quantification
of a chemical or a biological material in a given sample and this signal would be in proportion
to the concentration of the chemical measurand. The concept of the chemical and biological
sensor can be understand using a typical biochemical sensor shown in Fig. 2.7. It consists of a
chemically or biological sensitive film coated on the interdigitated electrode design (IDE). When
an analyte is drop casted onto the sensing layer, a chemical or biological reaction occurs causing
a change in its impedance or capacitance across the IDEs. This change obtained will be in
proportion to the concentrations of analyte. Chemical and biological sensors have found
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applications in biomedical, military, food, beverage and environmental industries [94, 103,
104,105].

Figure 2.7. Schematic of biochemical sensor.

2.2.2 Sensor Characteristics
Sensor performance is crucial while choosing a sensor for a particular application. The
performance of any sensor is defined by its characteristics. Some of the important characteristics
of a sensor are discussed below.

2.2.2.1

Sensitivity

Sensitivity provides the relationship between the input signal (physical) and the output
signal (electrical) [95]. It is described as the ratio of smallest change in the output signal to the
smallest change in the input signal (Fig. 2.8). A sensor can have high sensitivity if a small change
in the input can produce the large change in the output. Mathematically it can be expressed as:
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𝑦

𝑥 Δ𝑦

Sensitivity, 𝑆𝑥 = 𝑦

Δ𝑥

Figure 2.8. Sensitivity of a sensor.

2.2.2.2

Non-Linearity

The maximum deviation of the sensor response from its linear or ideal transfer function,
which can be approximated by a straight line, over the specified dynamic range, is called
nonlinearity of a sensor [95]. It is typically measured by comparing the actual transfer function
with a straight line that lies between two parallel lines that can encompass the whole transfer
function, over the specified dynamic range. (Fig. 2.9)
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Response

Input Measurand

Figure 2.9. Nonlinearity of a sensor.

2.2.2.3

Accuracy

Accuracy is another important characteristics of any sensor. The inaccuracy of the sensor
is measured to define its accuracy. Inaccuracy of a sensors is quantified by measuring the
deviation of the output result from the expected or ideal value [95]. Every sensor in the real
world is associated with some kind of imperfection that alters the transfer function of the sensor
system. This imperfection can be due to manual errors, manufacturing tolerances, variation in
materials, design, and other limitations. The inaccuracy can be best explained with an example,
assume that a resistive strain sensor has to generate 80 Ω per 20 mm elongation in the ideal case
with a sensitivity of 4 Ω/mm. For instance, if the output obtained shows a resistance change of
60 Ω per 20 mm elongation with sensitivity 3 Ω /mm. This shows that the output of the sensor
is inaccurate by 1 Ω/mm.
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2.2.2.4

Resolution

The smallest quantity of measurand that is detectable by a sensor is called its resolution
[95]. To explain it better, if the least temperature that can be measured by a temperature sensor
is 0.1 °C, then the resolution of this particular sensor is 0.1 °C. Resolution depends upon the
nature of the environment in which the measurement is being carried out. The resolution of a
sensor is typically affected by the noise in the system and this effect can be reduced by employing
narrow bandwidth filters, which increases the signal to noise ratio.

2.2.2.5

Repeatability

Repeatability is defined as the ability of the sensor to reproduce the same output signal
under the same conditions and direction, when the same measurand is applied to it consecutively.
Repeatability error is caused by the inability of the sensor to perform the same value under
identical condition. It can be expressed as the maximum difference between output readings as
determined by two calibrating cycles, expressed as a percentage of the full scale output of the
sensor [95]. Practically, most of the sensor devices will not produce similar results over a long
period and their performance degrades because of many reasons such as accumulation of
impurities, degradation or oxidation of sensing metals, aging of materials used in the sensor.

2.2.2.6

Noise

Any measurement of a given sensing material experiences fluctuations, due to the
unavoidable variation of chemical, physical, and biological quantities, which results in the
presence of electrical noise. Electrical noise is evaluated as the root mean square value of the
fluctuations. Noise is one of the reasons that the resolution of the sensor cannot approach zero
value. The sensitivity value is also limited due to noise. Different kinds of noise may be present,
even if not simultaneously, in a given sensor, such as Johnson (thermal), shot, generation
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recombination, contact, and flicker noise. Certainly, without a knowledge of the noise level, it is
not possible to estimate the resolution of a sensor or system [95]. The best example of noise
could be explained by the thermal noise in a resistor.

2.2.2.7

Saturation

Every sensing system is associated with its own operating boundaries beyond which it
becomes nonresponsive regardless of applied input (Fig. 2.10). This is regarded as the saturation
region and incremental changes in the input measurand after the saturation point will not provide
any additional output response.

Output Signal

Saturation Region

Input Measurand

Figure 2.10. Sensor output showing linear and saturation region.

2.3.

Summary
This chapter provided a comprehensive understanding of sensors, while also providing

an overview of various sensors. A system that employs complex sensors, electronic circuitry and
intelligent units such as microcontrollers and microprocessors, serves as a complete smart system
capable of disaplying the measured output from the input measurand. Based on different
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detection modes, sensors are classified into thermal, acoustic, mechanic, optical, chemical and
bio sensors. A brief discussion describing sensor characteristics has also been presented. The
next chapter gives a brief introduction to printed electronics, its market and the types of printing
methods that can be employed in the fabrication of sensors.

2.4.

References

[1].

P. Glynne-Jones, M. J. Tudor, S. P. Beeby and N. M. White, "An electromagnetic,
vibration-powered generator for intelligent sensor systems, "Sens Actuators A Phys, vol.
110, pp. 344-349, 2004

[2].

H. N. Norton, "Sensor and Analyzer Handbook," Prentice-Hall, pp. 562, 1982

[3].

M. Burg, A., Meruani, A., Sandheinrich, B., & Wickmann, “MEMS gyroscopes and their
applications,” 2004.

[4].

D. A. Mindell, E. S. Grosvenor, and M. Wesson, “Alexander Graham Bell: The Life and
Times of the Man Who Invented the Telephone,” New Engl. Q., vol. 71, no. 4, pp. 672–
674, 1998.

[5].

T. Peffer, M. Pritoni, A. Meier, C. Aragon, and D. Perry, “How people use thermostats
in homes: A review,” Build. Environ., vol. 46, no. 12, pp. 2529–2541, 2011.

[6].

S. F. Clarke and J. R. Foster, “A history of blood glucose meters and their role in selfmonitoring of diabetes mellitus,” Br. J. Biomed. Sci., vol. 69, no. 2, pp. 83–93, 2012.

[7].

X. Luo, T. Qiu, W. Lu, and Z. Ni, “Plasmons in graphene: Recent progress and
applications,” Mater. Sci. Eng. R Reports, vol. 74, no. 11, pp. 351–376, 2013.

[8].

Y. Mori, N. Takahashi, N. Ogawa, and T. Gudermann, “Oxygen physiology: sensors and
ion channels,” Pflugers Arch. Eur. J. Physiol., vol. 468, no. 1, pp. 1–2, 2016.

29

[9].

B. W. Pogue, “Ultrafast imaging takes on a new design,” Nature, vol. 516, pp. 46–47,
2014.

[10].

S. Raffler, S. Bichlmair, and R. Kilian, “Mounting of sensors on surfaces in historic
buildings,” Energy Build., vol. 95, pp. 92–97, 2015.

[11].

D. Tazartes, “An historical perspective on inertial navigation systems,” 2014 Int. Symp.
Inert. Sensors Syst., pp. 1–5, 2014.

[12].

M. Uhlemann et al., “Structured electrodeposition in magnetic gradient fields,” Eur.
Phys. J. Spec. Top., vol. 220, no. 1, pp. 287–302, 2013.

[13].

I. A. Troyan, A. D. Shevchuk and Y. M. Golovanev, “A sensor for measuring the
amplitude of high frequency mechanical oscillations”, Strength of Materials, vol. 7(2),
pp. 255-256, 1975.

[14].

M. Z. Atashbar, H. T. Sun, B. Gong, W. Wlodarski, R. Lamb, “ XPS study of Nb-doped
oxygen sensing TiO2 thin films prepared by sol-gel method.”, Thin Solid Films, vol.
326(1-2), pp. 238-244, 1998.

[15].

G. Sberveglieri, E. Comini, G. Faglia, M. Z. Atashbar, and W. Wlodarski, “Titanium
dioxide thin films prepared for alcohol microsensor applications.” Sensors and Actuators
B: Chemical, vol. 66(1-3), pp. 139-141, 2000.

[16].

M. Z. Atashbar, B. Gong, H. T. Sun, W. Wlodarski, and R. Lamb, “Investigation on
ozone-sensitive In2O3 thin films”, Thin Solid Films, vol. 354(1-2), pp. 222-226, 1999.

[17].

M. Z. Atashbar, D. Banerji, S. Singamaneni, “Room-temperature hydrogen sensor based
on palladium nanowires”, IEEE Sensors Journal, vol. 5(5), pp. 792-797, 2005.

[18].

M. Z. Atashbar, B. J. Bazuin, M. Simpeh, and S. Krishnamurthy “3D FE simulation of
H2 SAW gas sensor.”, Sensors and Actuators B: Chemical, vol. 111, pp. 213-218, 2005

30

[19].

M. Z. Atashbar, and S. Singamaneni, “Room temperature gas sensor based on metallic
nanowires.”, Sensors and Actuators B: Chemical, vol. 111, pp. 13-21. 2005

[20].

C. Cantalini, W. Wlodarski, H. T. Sun, M. Z. Atashbar, M. Passacantando, and S.
Santucci, “ NO2 response of In2O3 thin film gas sensors prepared by sol–gel and vacuum
thermal evaporation techniques.”, Sensors and Actuators B: Chemical, vol. 65(1-3), pp.
101-104, 2000.

[21].

M. Z. Atashbar, B. Bejcek, A. Vijh and S. Singamaneni, “QCM biosensor with ultra thin
polymer film.” , Sensors and Actuators B: Chemical, vol. 107(2), pp. 945-951, 2005.

[22].

C. Cantalini, M. Z. Atashbar, Y. Li, M. K. Ghantasala, S. Santucci, W. Wlodarski, and
M. Passacantando, “Characterization of sol-gel prepared WO3 thin films as a gas
sensor.”, Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films,
vol. 17(4), pp. 1873-1879, 1999

[23].

C. Cantalini, W. Wlodarski, H. T. Sun, M. Z. Atashbar, M. Passacantando, A. R. Phani,
and S. Santucci, “Investigation on the cross sensitivity of NO2 sensors based on In2O3
thin films prepared by sol-gel and vacuum thermal evaporation.”, Thin Solid Films, vol.
350(1-2), pp. 276-282. 1999

[24].

M. F. Yu, M. Z. Atashbar, and X. L. Chen, “Mechanical and electrical characterization
of-Ga2O3 nanostructures for sensing applications.”, IEEE Sens. J, vol. 5, pp. 20-25, 2005

[25].

M. Z. Atashbar, D. Banerji, S. Singamaneni, and V. Bliznyuk, “Deposition of parallel
arrays of palladium nanowires and electrical characterization using microelectrode
contacts.”, Nanotechnology, vol. 15(3), pp. 374, 2004.

31

[26].

V. Bliznyuk, S. Singamaneni, R. Kattumenu, and M. Atashbar, “Surface electrical
conductivity in ultrathin single-wall carbon nanotube/polymer nanocomposite films.”,
Applied physics letters, vol. 88(16), pp. 164101, 2006.

[27].

M. Z. Atashbar, and S. Singamaneni, “Comparative studies of temperature dependence
of G-band peak in single walled carbon nanotube and highly oriented pyrolytic
graphite.”, Applied Physics Letters, vol. 86(12), pp. 123112, 2005.

[28].

M. Z. Atashbar, B. J. Bazuin, M. Simpeh, and S. Krishnamurthy, “3-D finite-element
simulation model of SAW palladium thin film hydrogen sensor”, In Frequency Control
Symposium and Exposition Proceedings of IEEE, pp. 549-553, 2004.

[29].

C. H. Ahn, B. Anczykowski, M. Z. Atashbar, W. Bacsa, W. S. Bainbridge, A. Baldi, B.
Bhushan, Springer handbook of nanotechnology. Bharat Bhushan Editor2004.

[30].

N. Ghafouri, H. Kim, M. Z. Atashbar, and K. Najafi, “A micro thermoelectric energy
scavenger for a hybrid insect.”, In Sensors IEEE, pp. 1249-1252, 2008.

[31].

K. Kalantar-Zadeh, A. Trinchi, W. Wlodarski, A. Holland, and M. Z. Atashbar, “A novel
love mode device with nanocrystalline ZnO film for gas sensing applications.”, In
Nanotechnology IEEE-NANO 2001 pp. 556-561, 2001

[32].

B. B. Narakathu, W. Guo, S. O. Obare, and M. Z. Atashbar, “Novel approach for
detection of toxic organophosphorus compounds.”, Sensors and Actuators B: Chemical,
vol. 158(1), pp. 69-74, 2011.

[33].

B. Ziaie, A. Baldi, and M. Z. Atashbar, “Introduction to micro/nanofabrication.” In
Springer Handbook of Nanotechnology, pp. 197-238, Springer, Berlin, Heidelberg. 2007

32

[34].

J. O. Manyala, T. Fritz, and M. Z. Atashbar, “Integration of triaxial Hall-effect sensor
technology for gear position sensing in commercial vehicle transmissions.”, IEEE
Transactions on Instrumentation and Measurement, vol. 61(3), pp. 664-672, 2012

[35].

J. Manyala, and M. Atashbar, “Electromagnetic actuator dynamic response prediction for
an automated mechanical transmission.”, SAE International Journal of Commercial
Vehicles, vol. 6(2012-01-2260), pp. 1-9. 2013.

[36].

M. Z. Atashbar, B. J. Bazuin, and S. Krishnamurthy, “Design and simulation of SAW
sensors for wireless sensing.” In Sensors Proceedings of IEEE, Vol. 1, pp. 584-589, 2003.

[37].

B. B. Narakathu, B. E. Bejcek, and M. Z. Atashbar, “Impedance based electrochemical
biosensors”, IEEE, pp. 1212-1216, 2009.

[38].

S. Krishnamurthy, M. Z. Atashbar, and B. J. Bazuin, “Burst transceiver unit for wireless
passive SAW sensing system.” IEEE transactions on instrumentation and measurement,
vol. 58(10), pp. 3746-3753, 2009.

[39].

S. Gangadaran, V. V. Varadan, V. K. Varadan, K. A. Jose, and M. Z. Atashbar, “Lovewave-based ice sensor”, In Smart Structures and Materials: Smart Electronics and MEMS
Vol. 3673, pp. 287-294, International Society for Optics and Photonics. 1999

[40].

M. Z. Atashbar, W. Wlodarski, “Design, simulation and fabrication of doped TiO2coated surface acoustic wave oxygen sensor.”, Journal of intelligent material systems and
structures, vol. 8(11), pp. 953-959, 1997.

[41].

J. O. Manyala, T. Fritz, and M. Z. Atashbar, “Gearbox speed sensor design and
performance optimization.”, IEEE Sensors Journal, vol. 13(2), pp. 629-636, 2013.

33

[42].

S. Krishnamurthy, B. J. Bazuin, and M. Z. Atashbar, “Wireless SAW sensors reader:
architecture and design”, In Electro Information Technology IEEE International
Conference, pp. 6, 2005.

[43].

M. Z. Atashbar, V. Bliznyuk, D. Banerji, and S. Singamaneni, “Deposition of parallel
arrays of palladium nanowires on highly oriented pyrolytic graphite.”, Journal of alloys
and compounds, vol. 372(1-2), pp. 107-110, 2004.

[44].

C. J. Cheng, C. T. Feng, and M. Z. Atashbar, W. Wlodarski, and K. Kalantar-Zadeh,
“Guided SH-SAW sensing system for liquid viscosity sensing applications.”, Sensor
Letters, vol. 9(2), pp. 605-608, 2011.

[45].

M. Z. Atashbar, C. Baratto, G. Faglia, and G. Sberveglieri, “Functionalized Single Wall
Carbon Nanotubes Based Gas Sensor.”, In Sensors IEEE Conference, pp. 247-250, 2006

[46].

E. Comini, G. Faglia, G. Sberveglieri, M. Z. Atashbar, and W. Wlodarski, “Alcohol and
organic vapours sensor based on nano-sized TiO/sub 2/thin film.”, In IEEE Proceedings
Optoelectronic and Microelectronic Materials Devices Conference pp. 302-305, 1999

[47].

C. T. Feng, C. J. Cheng, and M. Z. Atashbar, “PMMA/64 YX-LiNbO 3 guided SH-SAW
based immunosensing system.”, In 10th IEEE SENSORS Conference, 2011.

[48].

M. Z. Atashbar, “Nano-sized TiO/sub 2/thin film for alcohol sensing application.”, In
Nanotechnology IEEE-NANO. Proceedings, pp. 544-549, 2001.

[49].

Z. Ramshani, B. B. Narakathu, S. Emamian, A. S. G. Reddy, and M. Z. Atashbar,
“Investigation of SH-SAW sensors for toxic heavy metal detection.”, In SENSORS, 2013
pp. 1-4, 2013.

34

[50].

B. B. Narakathu, W. Guo, S.O. Obare, and M. Z. Atashbar, “Detection of picomolar
levels of toxic organophosphorus compounds by electrochemical and fluorescence
spectroscopy.”, Sensor Letters, vol. 9(2), pp.907-909, 2011.

[51].

S. Krishnamurthy, M. Z. Atashbar, and K. Kalantar-Zadeh, “3D modeling and simulation
of SH-SAW devices using the finite element method”, In Sensors IEEE pp. 357-359,
2007.

[52].

C. Baratto, G. Faglia, M. Ferroni, G. Sberveglieri and M. Z. Atashbar, and E. Hrehorova,
“Investigation on novel poly (3-hexylthiophene)-ZnO nanocomposite thin films gas
sensor.”, In Sensors IEEE, pp. 452-455, 2006.

[53].

M. Z. Atashbar, D. Banerji, S. Singamaneni, and V. Bliznyuk, “Polystyrene palladium
nanocomposite for hydrogen sensing.”, Molecular Crystals and Liquid Crystals, vol.
427(1), pp. 217-529, 2005.

[54].

B. J. Bazuin, M. Z. Atashbar, and S. Krishnamurthy, “A prototype burst transceiver for
SAW sensors interrogation.”, In Proceedings of Intelligent Sensing and Information
Processing, pp. 190-195, 2004.

[55].

V. K. Varadan, P. Xavier, V. V. Varadan, D. Suh, M. Z. Atashbar, and K. A. Jose,
“MEMS-IDT-based accelerometers and gyroscopes.”, In International Society for Optics
and Photonics Smart Structures and Materials: Smart Electronics and MEMS, Vol. 3673,
pp. 182-190. 1999.

[56].

M. Z. Atashbar, “Surface Acoustic Wave (SAW) Oxygen Sensor Based on Nanosized
TiO2 Thin Film.”, Royal Melbourne Institute of Technology, 1998

35

[57].

M. M Ali, B. B. Narakathu, S. Emamian, A. A. Chlaihawi, F. Aljanabi, D. Maddipatla,
and M. Z. Atashbar, “Eutectic Ga-In liquid metal based flexible capacitive pressure
sensor.” In SENSORS IEEE, pp. 1-3, 2016.

[58].

B. B. Narakathu, A. S. G. Reddy, A. Eshkeiti, B. J. Bazuin, and M. Z. Atashbar, “Optoelectrochemical based dual detection of heavy metal compounds using a novel flow
cell.”, In SENSORS IEEE, pp. 1-4, 2013.

[59].

B. B. Narakathu, W. Guo, S. O. Obare, and M. Z. Atashbar, “Electrochemical impedance
spectroscopy sensing of toxic organophosphorus compounds.”, In Sensors IEEE, pp.
1518-1521, 2010.

[60].

C. Baratto, M. Z. Atashbar, G. Faglia, and G. Sberveglieri, “Functionalized single-wall
carbon nanotube-based gas sensor.” Proceedings of the Institution of Mechanical
Engineers, Part N: Journal of Nanoengineering and Nanosystems, vol. 221(1), pp. 17-21,
2007.

[61].

M. Atashbar, K. Kalantar-Zadeh, S. Ippolito, and W. Wlodarski, “Palladium nanowire
hydrogen sensor based on a SAW transducer.”, In IEEE Sensors, 2005

[62].

J. F. McAleer, P. T. Moseley, P. Bourke, J. O. W. Norris and R. Stephan, “Tin dioxide
gas sensors: use of the Seebeck effect”, Sensors and Actuators, vol. 8(3), pp. 251-257,
1985.

[63].

S. C. Chang and J. R. Stetter, “Electrochemical NO2 gas sensors: Model and mechanism
for the electroreduction of NO2”, Electroanalysis, vol. 2(5), pp. 359-365, 1990.

[64].

H. Suzuki, “Advances in the microfabrication of electrochemical sensors and systems”,
Electroanalysis, vol. 12(9), pp. 703-715, 2000.

36

[65].

K. Kalcher, J. M. Kauffmann, J. Wang, I. Svancara, K. Vytras, C. Neuhold and Z. Yang,
“Sensors based on carbon paste in electrochemical analysis: a review with particular
emphasis on the period 1990–1993”, Electroanalysis, vol. 7(1), pp. 5-22, 1995.

[66].

A. M. Mayo, C. L. Buddecke and G.R. Tenery, “Data Sensors and Information
Acquisition”, Proc. First International Symposium on Basic Environmental Problems of
Man in Space, pp. 493-506, 1965.

[67].

M. Schulz, “The end of the road for silicon?” Nature, vol. 399, pp. 729-730, 1999.

[68].

E. G. Moore, “Application of remote sensors to the classification of areal data at different
scales: a case study in housing quality”, Remote Sensing of Environment, vol. 1(2), pp.
109-121, 1970.

[69].

J. D. Meindl, “Biomedical implantable microelectronics”, Sci., vol. 210(4467), pp. 263267, 1980.

[70].

A. Caballero, R. Martínez, V. Lloveras, I. Ratera, J.V. Gancedo, K. Wurst, A. Tarraga,
P. Molina and J. Veciana, “Highly selective chromogenic and redox or fluorescent
sensors of Hg2+ in aqueous environment based on 1, 4- disubstituted azines”, Journal of
the American Chemical Society, vol. 127, pp. 15666-15667, 2005.

[71].

H. Greve, E. Woltermann, R. Jahns, S. Marauska, B. Wagner, R. Knochel, M. Wuttig
and E. Quandt, “Low damping resonant magnetoelectric sensors”, Applied Physics
Letters, vol. 97, pp. 152503, 2010.

[72].

J. Fraden, “Handbook of Modern Sensors”, Springer/AIP Press, ISBN 0-387-00750-4,
vol. 23, 2005

[73].

J. J. Carr, “Sensors and Circuits: Sensors, Transducers, and Supporting Circuits for
Electronic Instrumentation, Measurement, and Control”, PTR Prentice Hall, 1993

37

[74].

S. Soloman, “Sensors Handbook”, McGraw-Hill Inc., 2009

[75].

G. Gustav, "Piezoelectric Sensorics: Force, Strain, Pressure, Acceleration and Acoustic
Emission Sensors," Materials and Amplifiers. 2002.

[76].

Hunter, G. W., Stetter, J. R., Hesketh, P. and Liu, C. C., 2010. Smart sensor systems. The
Electrochemical Society Interface, 19(4), pp. 29-34.

[77].

H. R. Everett, “Sensors for Mobile Robots: Theory and Application”, AK Peters Ltd.,
1995.

[78].

G. C. M. Meijer, K. Makinwa, M. Pertijs, “Smart Sensor Systems: Emerging Techniques
and Applications”, John Wiley and Sons, 2008.

[79].

R. Pallas-Areny, J. G. Webster, “Sensor and Signal Conditioning”, Wiley, 1991.

[80].

T. Huynh, “Fundamentals of Thermal Sensors. In Thermal Sensors,” Springer New York,
2015

[81].

C. A. G. Tsamis, A. Nassiopoulou and A. Tserepi, “Thermal properties of suspended
porous silicon micro-hotplates for sensor applications”, Sens. Act. B Chem., vol. 95, pp.
78-82, 2003.

[82].

J. S. Wilson, “Sensor Technology Handbook”, Elsevier, 2004.

[83].

K. Y. Hashimoto, “Surface acoustic wave devices in telecommunications”, Springer, pp.
259, 2000.

[84].

N. Levit, D. Pestov and G. Tepper, “High surface area polymer coatings for SAW-based
chemical sensor applications”, Sens. Act. B Chem., vol. 82(2), pp. 241-249, 2002.

[85].

I. Voiculescu and A. N. Nordin, “Acoustic wave based MEMS devices for biosensing
applications”, Biosens. Bioelectron., vol. 33(1), pp. 1-9, 2012.

38

[86].

A. L. Smith, S. R. Mulligan, J. Tian, H. M. Shirazi and J. Riggs, “A mass/heat flow sensor
combining shear mode resonators with thermoelectrics: principles and applications”,
Proc. IEEE Int. Frequency Control Symposium, pp. 1062-1065, 2003.

[87].

D. Maddipatla, B. B. Narakathu, S. G. R. Avuthu, S. Emamian, A. Eshkeiti, A. A
Chlaihawi, and M. Z. Atashbar, “A novel flexographic printed strain gauge on paper
platform”, In Proceedings of IEEE SENSORS, pp. 1-4, 2015

[88].

A. Moorthi, B. B. Narakathu, A. S. G. Reddy, A. Eshkeiti, H. Bohra, and M. Z. Atashbar,
“A novel flexible strain gauge sensor fabricated using screen printing”, In IEEE Sensing
Technology (ICST) Sixth International Conference, pp. 765-768, 2012.

[89].

S. Ungar, “Fiber Optics: Theory and Applications,” Chichester, West Sussex, England;
New York: Wiley, 1990.

[90].

F. Gu, H. Zeng, L. Tong and S. Zhuang, “Metal single-nanowire plasmonic sensors”,
Optics Lett., vol. 38(11), pp. 1826-1828, 2013.

[91].

R. Narayanaswamy and O. S. Wolfbeis, “Optical sensors: industrial, environmental and
diagnostic applications”, vol. 1, Springer, pp. 3, 2004.

[92].

N. Sabri, S. A. Aljunid, M. S. Salim, R. B. Ahmad and R. Kamaruddin, “Toward optical
sensors: Review and applications”, J. Phys., Vol. 423, pp. 012064, 2013.

[93].

M. Nyberg, K. Ramser and O. A. Lindahl, “Optical fibre probe NIR Raman
measurements in ambient light and in combination with a tactile resonance sensor for
possible cancer detection”, Analyst, vol. 138(14), pp. 4029-4034, 2013.

[94].

R. F. Taylor and J. S. Schultz, “Handbook of chemical and biological sensors”, CRC
Press, pp. 6, 2010.

39

[95].

K. Kalantar-Zadeh, “Sensors: an introductory course,” Springer Science & Business
Media, 2013.

[96].

Angel, G. D., & Haritos, G. (2013). An Immediate Formula for the Radius of Curvature
of a Bi-metallic Strip. International Journal of Engineering Research & Technology, 2,
1312-1319.

[97].

D. B. Go, M. Z. Atashbar, Z. Ramshani, and H. C. Chang, “Surface acoustic wave devices
for chemical sensing and microfluidics: a review and perspective.”, Analytical
Methods, vol. 9(28), pp. 4112-4134, 2017.

[98].

Z. Ramshani, A. S. G. Reddy, B. B. Narakathu, J. T. Wabeke, S. O Obare, M. Z.
Atashbar, “SH-SAW sensor based microfluidic system for the detection of heavy metal
compounds in liquid environments”, Sensors and Actuators B: Chemical, vol. 217, pp.
72-77, 2015.

[99].

S. Krishnamurthy, B. J. Bazuin, and M. Z. Atashbar, “Wireless SAW sensors reader:
architecture and design”, In IEEE International Electro Information Technology
Conference, pp. 6, 2005.

[100]. M. Z. Atashbar, A. Z. Sadek, W. Wlodarski, S. Sriram, M. Bhaskaran, C. J. Cheng, and
K. Kalantar-Zadeh, “Layered SAW gas sensor based on CSA synthesized polyaniline
nanofiber on AlN on 64 YX LiNbO3 for H2 sensing”, Sensors and Actuators B:
Chemical, vol. 138(1), pp. 85-89, 2009.
[101]. M. Z. Atashbar, B. J. Bazuin, M. Simpeh, and S. Krishnamurthy, “3-D finite-element
simulation model of SAW palladium thin film hydrogen sensor”, In Proceedings of IEEE
Frequency Control Symposium and Exposition, pp. 549-553, 2004.

40

[102]. A. Eshkeiti, B. B. Narakathu, A. S. G. Reddy, A. Moorthi, M. Z. Atashbar, E. Rebrosova,
M. Joyce, “Detection of heavy metal compounds using a novel inkjet printed surface
enhanced Raman spectroscopy (SERS) substrate.” Sensors and Actuators B:
Chemical, vol. 171, pp. 705-711, 2012.
[103]. M. Atashbar, S. Krishnamurthy, and G. Korotcenkov, “Basic Principles of Chemical
Sensor Operation.” Chemical Sensors: Fundamentals of Sensing Materials, Ch. 1. 2010.
[104]. B. B, Narakathu, M. Z. Atashbar, and B. E. Bejcek, “Improved detection limits of toxic
biochemical

species

based

on

impedance

measurements

in

electrochemical

biosensors.” Biosensors and Bioelectronics, vol. 26(2), pp. 923-928, 2010.
[105]. M. Atashbar, S. Krishnamurthy, and G. Korotcenkov, “Basic Principles of Chemical
Senosor Operation.”, Chemical Sensors: Fundamentals of Sensing Materials, 1. 2010
[106]. X. Zhang, B. B. Narakathu, D. Maddipatla, B. J. Bazuin, M. Z. Atashbar, “Development
of a Novel Wireless Multi-Channel Stethograph System for Diagnosing Pulmonary and
Cardiovascular Diseases”, 17th International Meeting on Chemical Sensors (IMCS), July
15-19, Vienna, Austria, pp. 673-674, 2018, DOI: 10.5162/IMCS2018/P1DH.10

41

CHAPTER III
PRINTED ELECTRONICS
3.1

Introduction
Printed electronics (PE) is an all-encompassing term in the field of flexible hybrid

electronics (FHE) for developing electronic devices using traditional printing techniques. PE is
emerging as a significant manufacturing technology in the field of sensors [1]. PE uses traditional
additive processes for the fabrication of electronic sensing devices. These additive processes
offer numerous advantages such as low cost roll-to-roll fabrication, low operating temperatures,
high throughput, less complex manufacturing steps and low wastage of material [2-4] during
fabrication when compared to the conventional silicon-based fabrication process, which requires
high-temperature and high-vacuum environment along with sophisticated photolithographic
techniques [5-9]. Using the additive printing processes, many researchers have developed several
electronic devices such as strain sensors, humidity sensors, organic thin film transistors,
electrochemical sensors, gas sensors, RFID tags, and solar cells [10-23]. Another advantage PE
is that printed sensors on polymer substrates offer mechanical flexibility and are lightweight.
According to Dr. Guillaume Chansin, IDTechEx, by 2027 the market of fully printed
sensors (capacitive, piezoresistive, piezoelectric, photodetector, temperature, humidity, gas,
biosensors excluding glucose) will be worth more than $7.6 billion [24]. At present, printed selfdiagnosable glucose sensors alone are generating $5.9 billion of revenue per annum. (Fig. 3.1)
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2017

Figure 3.1. Market forecast of printed and flexible sensors [24].

3.2

Review of Printing Techniques
Conventional printing techniques are classified into impact printing and non-impact

printing based on the action of image carrier used to produce the image. Impact printing involves
a permanent image carrier (screen or cylinder) which is used to transfer the image or design onto
substrate. Non-impact printing is based on digital control of the image [26].
The four main printing techniques that are commonly employed in printed electronics
include screen printing, inkjet printing, flexographic printing, and gravure printing. Table 3.1
summarizes the specifications of these individual printing processes. Screen printing is known
for producing thick film layers, while inkjet for thin film layers. Flexography and gravure have
been commonly used for roll to roll printing. For instance, in a particular application, if the
desired thickness of the ink film is 5 µm and the viscosity of the ink available is 10 Pa.s, then
screen printing would likely be selected. [25].
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Table 3.1. Specifications of printing techniques employed in printed electronics [27]

3.2.1 Screen Printing
The screen printing technique utilizes highly viscous paste-like material (ink) to transfer
the image onto the substrate. It is typically a push through process that does not require the
substrate to be in direct contact with the mask or image carrier. The screen printer consists of the
squeegee, and screen printing plate. A squeegee is typically made of polymeric material and the
screen printing plate consists of steel or aluminum frame, screen fabric and stencil. The materials
used for screen fabric and stencil vary, and depend upon the inks, solvents and cleaning agents
to be used. Typically, screen fabric are made of plastic, natural silk or metal fibers. The screen
fabric and the stencil carry the image that is to be transferred on to the substrate. The ink is
transferred on to the substrate by pushing the ink using the squeeze, through the screen fabric
and the stencil (containing the image). Therefore, this printing technique is also referred to as a
push through process (Fig. 3.2). Varying wet print film thickness can be achieved by adjusting
mesh count, wire diameter, and deflection angle of the screen. The screen printing technique has
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demonstrated its capabilities to develop flexible electronic devices at a low cost, and with very
little to no material wastage [25].

Figure 3.2. Schematic of screen printing process.

3.2.2 Inkjet Printing
Inkjet printing is a commonly used non-impact printing technique (NIP) in digital
printing. This NIP technique uses a digital image signal to print the design onto the substrate
instead of any physical image carriers. This printing technique is further subcategorized into:
continuous inkjet printing and drop on demand (DOD) inkjet printing. In continuous inkjet
printing, continuous droplets of ink are generated, which may be electronically controlled. Here,
some of the ink droplets are subjected to electrostatic charge and are deflected to get a negative
print by electrostatic deflectors while the uncharged droplets are printed to obtain the desired
image onto the substrate.
On the contrary, the DOD inkjet printing system generates ink droplets only for the
required image areas in order to obtain the desired print. This printer usually employs two
techniques: thermal or piezoelectric (Fig. 3.3). In a thermal inkjet printer, a vapor bubble is
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created due to the vaporization of the ink. This vapor bubble is used to push the ink out of the
nozzle and onto the substrate. However, in piezoelectric inkjet printing system, ink droplets are
pushed out when the piezoelectric material (printing head) undergoes mechanical deformation
due to applied electric potential. This in turn changes the volume of the drop nozzle and the ink
is pushed out [25]. Despite the advantages associated with inkjet printing, such as non-mask
fabrication, high print quality, and scalability from table-top devices to big press units, inkjet
printing suffers from nozzle clogging due to inactivity and it requires frequent cleaning cycles
[25].

Figure 3.3. Schematic of inkjet printing process.

3.2.3 Flexographic Printing
The main components of the flexographic printer are anilox roller, impression cylinder,
plate cylinder, doctor blade, and the ink reservoir. The anilox roller consists of fine engraved
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cells on its surface and it is typically made of chromium plated engraved metal or laser engraved
ceramics. It collects specific amounts of ink from the ink reservoir. Then, the collected ink is
transferred onto the elevated structures of the plate cylinder, which is typically made of rubber
or photopolymer. The image areas on the plate cylinder is elevated and non-image areas are not
elevated. Further, transferring of the ink from elevated image areas on to the substrate is assisted
by the impression cylinder as shown in Figure 3.4. [25].

Figure 3.4. Schematic of the flexographic printing process.

3.2.4 Gravure Printing
Gravure printing, known for its high speed and high quality printing is another type of
impact based printing technique providing economical production with fast throughput. A
gravure printer is comprised of the image carrier cylinder (gravure cylinder), ink reservoir,
doctor blade, and the impression cylinder as shown in Figure 3.5. The gravure cylinder or image
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carrier is typically made of copper coated steel and contains electromechanically etched or laser
engraved micro cells (gravure cells) forming the image area. The engraved pattern is chrome
plated for durability. The microcells are responsible for carrying ink from the ink reservoir to
the substrate. The impression cylinder is made of rubber. The doctor blade, made of stainless
steel, wipes off the excess ink from the gravure cells before printing. The ink is then transferred
onto the substrate from the gravure cylinder at high pressure using the impression cylinder,
which controls the substrate movement [25].

Figure 3.5. Schematic of gravure printing process.

3.3

Summary
This chapter provided an overview of printed electronics, starting with a brief

introduction to printing electronics and its usage in manufacturing electronic devices along with
the market forecasts for the next 10 years. This discussion was continued with the description of
common printing technologies associated with printed electronics along with the explanation of
basic concepts such as working principles, and important parts of the printers. The following
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chapter describe the primary project work accomplished,

the development of fully printed

thermistors fabricated using screen and gravure printing techniques. The author presents the
design, fabrication and characterization of the printed thermistor as well as the measurement setup, testing and the results obtained.
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CHAPTER IV
A CARBON NANOTUBE BASED NTC THERMISTOR
USING ADDITIVE PRINT MANUFACTURING
PROCESSES
4.1

Introduction

Temperature has been one of the most critical and widely measured variables in the biomedical,
automotive, robotics, food and agricultural industries [1-3]. The reason for measuring
temperature is because different systems must either monitor or control this variable to achieve
its intended function. This can range from the simple monitoring of water temperature in an
engine, or can be as complex as measuring the weld temperature in a laser welding application
[4, 5]. The four types of common temperature sensors that have been employed for various
applications include: (i) thermocouples, (ii) resistance temperature detectors (RTD), (iii)
thermistors and (iv) integrated circuit (IC) based sensors [6]. The choice of a particular
temperature sensor is application dependent and is based on the temperature range, accuracy,
speed of response, and cost required by the application [6]. Among the different types of
temperature sensors, thermistors have been the preferred temperature sensing device for
applications that require high sensitivity, cost efficiency and miniaturization [6]. Even though
thermocouples have been employed for temperature sensing applications, they have lower
sensitivity and accuracy when compared to the thermistors [6]. Moreover, the response of
thermocouples is often in the range of a few millivolts, which demands amplification for further
processing of the signal [6]. IC based temperature sensors have a relatively narrow dynamic
range, when compared to thermistors, and require a power source [6]. The RTDs have a slower
response time when compared to thermistors, which have demonstrated larger sensitivities,
better response time and accuracies as high as -6%/ °C, 0.1 s and ±0.1 °C, respectively [6].
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Therefore, the development of temperature sensing systems that employ novel thermistors is of
utmost importance.
Thermistors with a negative temperature coefficient (NTC) characteristic, whose
electrical resistance value decreases non-linearly with increase in temperature, are typically
applied in industrial temperature sensing applications [7]. NTC thermistors are largely composed
of transition metal oxides with nickel (Ni) and manganese (Mn) as spinel structures including
compounds such as manganese-nickel-oxide (Mn-Ni-O), manganese-cobalt-nickel-oxide (MnCo-Ni-O) and nickel-copper-manganese-oxide (Ni-Cu-Mn-O), which are known for its high
negative temperature coefficients of resistance, when compared to metals [6-9]. However,
research has been focusing on the development of alternate novel materials for NTC thermistors,
because variations in the stoichiometry of the metal oxides during fabrication often results in
relatively large changes in the resistivity, thus making reproducibility of the thermistors a major
challenge [6]. Carbon nanotubes (CNT) have been employed for the sensing of various physical
properties such as temperature, humidity [10], strain [11] and pressure [12] due to their superior
thermal, electrical and mechanical properties [13]. In addition, CNT based networks have also
been used in the detection and quantification of biomolecules such as streptavidin and mouse
monoclonal immunoglobulin G [14, 15]. Even though, research has reported that CNTs
demonstrate a decrease in resistance values with increase in temperature, thus exhibiting the
characteristics of an NTC thermistor [16-23], there are relatively very few reports on the use of
additive print manufacturing processes for the fabrication of CNT based NTC thermistors.
Thermistors are typically manufactured as rigid structures using techniques such as
ceramic tape casting, sintering, and sputtering [24, 25]. These techniques are relatively expensive
and time consuming as they require high vacuum, large power density, and a high temperature
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environment thus preventing the use of thermistors in applications that require mechanical
flexibility and conformal form factors. To overcome the limitations associated with traditional
thermistors, additive print manufacturing processes such as screen, inkjet, gravure and
flexography, can be used for the fabrication of cost efficient, flexible and conformal thermistors.
These manufacturing processes have enabled the development of RFID tags [26, 27], sensors
[28-37], solar cells [38, 39], antennas [40] and circuits [41, 42] for application in the relatively
new and rapidly emerging field of flexible hybrid electronics (FHE). The primary advantage of
additive print manufacturing processes is that it involves selective deposition of functional
materials in a continuous layer-on-layer process. This eliminates the need for masking and
etching, thus resulting in low wastage of materials as well as a faster process due to fewer number
of fabrication steps. Some of the other advantages include low manufacturing temperatures with
“roll-to-roll” (R2R) large scale production capability, due to the use of flexible substrates, thus
reducing the production cost.
In this work, a multi-layered CNT based NTC thermistor was fabricated using additive
printing processes on a flexible polyethylene terephthalate (PET) substrate. Screen printing, a
push through process was employed for depositing the electrodes as well as the primary and
secondary encapsulation layers. Gravure printing, known for its relatively high speed and
capability to produce fine feature size for variable ink film thickness, was employed for
depositing the active layer. The performance of the thermistor was investigated by measuring its
response towards varying temperatures and relative humidity (RH).
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4.2

Experimental

4.2.1 Materials
Flexible PET film (MELINEX® ST730) from DuPont Teijin Films was used as the
substrate. Conductive Ag ink (AG-800) from Applied Ink Solutions was used for the electrodes
and for the secondary encapsulation layer. CNT (BSI.B16118) and organic encapsulation
(BSI.P16038) inks from Brewer Science Inc. were used as the active and organic encapsulation
layers, respectively. The length and the diameter of the CNTs were measured to be in the range
of 0.1 µm to 1 µm (Fig. 4.1(a)) and 10 nm to 30 nm (Fig. 4.1(b)), respectively using transmission
electron microscope (JEOL 100 CXII). Acetone, from Sigma-Aldrich Chemical Company, and
de-ionized (DI) water were used as the cleaning solvents for the Ag and CNT inks, respectively.
D-Limonene from MCM Electronics was used as the cleaning solvent for the organic
encapsulation layer. A flat flexible connector (FFC) (Model No. 65801-002LF), from Amphenol
ICC, was used to make electrical connections for the printed thermistor.

(a)

(b)

Figure 4.1. TEM micrographs of CNT showing (a) length and (b) diameter.
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4.2.2 Thermistor Design
Figure 4.2 shows the schematic of the thermistor design layout. It consists of five layers:
substrate, electrodes, active layer, and primary and secondary encapsulation layers. The device
was designed with an overall dimension of 8.0 mm x 14.0 mm in Adobe Illustrator® design
software. The dimensions of the electrodes for metallization and the active layer for temperature
sensing are 10.0 mm x 4.0 mm and 3.0 mm x 4.0 mm, respectively. The dimension of the primary
encapsulation layer to protect the active layer was 6.5 mm x 5.0 mm. The secondary encapsulation
layer, which was used to detect the presence of any pin holes on the primary encapsulation layer,
was designed to be 4.0 mm x 3.0 mm..
14.0 mm
Secondary Encapsulation

8.0 mm

Primary Encapsulation
Active Layer
Electrodes
Substrate

(a)

(b)
Secondary Encapsulation
Primary Encapsulation
Active Layer
Electrodes
Substrate

(c)

Figure 4.2. Thermistor design layout: (a) top-view (b) side-view and (c) 3D exploded
view (Not to scale).
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4.2.3 Multilayer Print Compatibility
The ability of the substrate to wet the ink plays an important role in promoting the
adhesion of the printed layer. Both surface energy of the substrate and the surface tension of the
ink collectively determine the ability of the substrate to wet the ink and consequently affects
adhesion. Due to the multilayer configuration of the thermistor, it becomes important to measure
the surface energy of each printed layer and to verify its compatibility with the surface tension
of the subsequent ink being deposited on it for proper adhesion of the printed layers. In order to
obtain good print compatibility and adhesion properties between the printed layers, the surface
energy of the corresponding substrate layer should be greater than the surface tension of the ink
to be printed [43,44]. The surface energy of the substrates (PET and printed layers) and surface
tension of the inks were measured with a goniometer (First Ten Angstroms FTA-200) using
Owens Wendt method [45] and pendant drop method [46], respectively (Table 4.1). The surface
energy for PET, Ag, CNT and organic polymer is 18.32, 11.44, 18.65 and 17.91 units, greater
than the corresponding surface tension of the inks to be printed. It was thus evident that the layers
are print compatible with each other.

Table 4.1. Measured surface tension (inks) and surface energy (PET and printed
layers)
Layers

Material

Surface Tension
(dynes/cm)

Surface Energy
(dynes/cm)

Substrate

PET

N/A

45.39

Layer 1

Silver

27.07

41.84

Layer 2

CNT

30.4

46.57

Layer 3

Organic Polymer

27.92

44.98

Layer 4

Silver

27.07

41.84
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4.2.4 Thermistor Fabrication
The fabrication of the thermistor was performed using a semi-automatic screen printer
(AMI MSP 485) from Affiliated Manufacturers Inc. and K-Printing Proofer, a laboratory scale
gravure press. A stainless steel screen, fabricated at Microscreen®, with 325 mesh count, wire
diameter of 28 µm, mesh angle of 22.5° and 12.7 µm thick MS-22 emulsion was used for screen
printing. An electromechanically engraved gravure plate, from IR Engraving LLC, with 200-line
screen (LS) and 45° cell angle was used for gravure printing.
Figure 4.3(a) shows the steps involved in the fabrication of the thermistor. Initially, two
Ag electrodes were screen printed on the PET substrate and were cured at 130 °C for 6 minutes
in a VWR 1320 temperature-controlled oven. Then, the CNT based active layer was gravure
printed on the Ag electrodes and was cured at 110 °C for 3 minutes in the VWR 1320 oven.
Following this, the organic encapsulation layer was screen printed and cured in two stages.
During the first stage, the printed encapsulation layer was cured at 150 °C for 5 minutes in the
VWR 1320 oven. In the second stage, to improve the adhesion, the printed layer was subjected
to UV curing in a LC6B benchtop UV conveyor from Fusion UV Systems, Inc. with a belt speed
of 40 feet per min (fpm) and two passes. To obtain a thicker encapsulation layer and to eliminate
potential pinholes, an additional layer of the organic encapsulant was again deposited and cured,
thus protecting the active layer. Finally, the secondary Ag encapsulation layer was screen printed
on the organic encapsulation layer and cured at 130 °C for 6 minutes in the VWR 1320 oven. A
photograph of the fabricated thermistor is shown in Fig. 4.3(b).
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Screen Printing of Silver Electrodes

Gravure Printing of CNT Layer

PET

Screen Printing of Organic
Encapsulation Layer (Two Pass)

Screen Printing of Silver Based
Secondary Encapsulation Layer

(a)
PET
CNT Active Layer
Silver Based Secondary
Encapsulation Layer
Organic Encapsulation
Layer
Silver Electrodes

250 µm

(b)

Figure 4.3 (a) Fabrication steps of the printed thermistor (b) photograph of the
printed sensor.
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4.2.5 Surface Characterization of the Printed Layers
A Bruker CounterGT-K vertical scanning interferometer was used to characterize the
thickness and roughness of all the printed layers (Fig. 4.4). Average thickness (ΔZ) of
4.99 ± 0.06 µm, 0.09 ± 0.02 µm, 8.39 ± 0.08 µm and 4.66 ± 0.09 µm, and average surface
roughness (Sa) of 0.68 ± 0.02 µm, 0.05 ± 0.01 µm, 0.39 ± 0.03 µm and 0.78 ± 0.01 µm was
obtained for the Ag electrode, CNT active layer, organic encapsulation and Ag encapsulation
layer, respectively.

4.2.6 Experimental Setup
The experiment setup to investigate the resistive response of the printed thermistor
towards both temperature and humidity is shown in Fig. 4.5. Electrical connections to the printed
thermistor were made using the FFCs. The experiment was performed in two stages. In the first
stage, the thermistor was subjected to temperatures varying from -40 °C to 100 °C, in steps of
10 °C, in a Thermotron® SE 1000 environmental chamber, equipped with a 8800 data acquisition
(DAQ) system for controlling, monitoring, graphing and reporting environmental chamber data.
The temperature of the chamber was recorded using an integrated T-type (Copper/Constantan)
thermocouple (T-20 B/W). In the second stage, a Caron® 6010 environmental chamber was used
to test the stability of the thermistor towards varying RH values ranging from 20% RH to 70%
RH, in steps of 10% RH. During both stages of the experiment, an Agilent E4980A precision
LCR meter, controlled by a custom-built LabVIEW™ program on the PC, was used to record the
resistive response of the thermistor at an operating frequency of 1 kHz and an applied voltage of
1 V.
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(a)

ΔZ = 5.02 µm

(c)

(b)

ΔZ = 0.07 µm

(d)

ΔZ = 8.45 µm
(e)

ΔZ = 4.64 µm
(f)

Sa = 0.66 µm

(g)

Sa = 0.40 µm

Sa = 0.05 µm

(h)

Sa = 0.78 µm

Figure 4.4 3D output of the vertical scanning interferometry showing thickness and
roughness of (a, e) silver electrodes (b, f) CNT layer (c, g) organic encapsulation layer and
(d,h) silver encapsulation layer.
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Figure 4.5. Experiment setup.

4.3

Results and Discussion
Figure 4.6(a) shows the dynamic resistive response of the printed thermistor towards

varying temperatures in the Thermotron® environmental chamber. As the temperature was
increased from -40 °C to 100 °C, in steps of 10 °C, the thermistor resistance decreased from
842 kΩ to 399 kΩ, thus exhibiting the characteristics of a typical NTC thermistor. Figure 4.6(b)
shows the average static resistive response of three thermistors towards similar varying
temperatures. It was observed that the resistance of the thermistors decreased exponentially from
844 ± 26 kΩ to 393 ± 6 kΩ, when the temperature was varied from -40 °C to 100 °C, resulting
in an overall percentage change of 53% ± 2%. A correlation coefficient (R2) of 0.9994 was
obtained for the exponential fit of the resistance. The sensitivity and repeatability of an NTC
thermistor, over a given range of temperature, is defined by the temperature coefficient of
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resistance (TCR) (α) and material constant (β), respectively [6]. The TCR and material constant
of a thermistor is mathematically given using Eq. (1) and Eq. (2), respectively [6].
(𝑅𝑇𝑖 −𝑅𝑇𝑓 )

1

𝛼 = ((𝑅 ))

𝑇𝑓

𝑅𝑇

𝑖
𝑅𝑇
𝑓
1
1
( )−( )
𝑇𝑖
𝑇𝑓

ln

𝛽 𝑇𝑖 =

(1)

(𝑇𝑖 −𝑇𝑓 )

𝑇𝑖

(2)

where 𝑅𝑇𝑖 and 𝑅𝑇𝑓 are the resistance values obtained at initial temperature 𝑇𝑖 and final
temperature 𝑇𝑓 . An average α and β of -0.4%/°C and 474.13 °K was calculated for the fabricated
thermistor. The results demonstrated a 300% increase in the TCR value when compared to that
of a printed thermistor reported by Sibinski et al. [17]. In addition, the TCR value of the printed
thermistor is better than several other CNT based thermistors [16-20] and a comparison is shown
in Table 2.
Table 4.2: Comparison of TCR between the printed thermistor and other reported CNT
based thermistors
Reference
s
[16]

Author
Neitzert et al
(2011)

Materials
Epoxy/MWCNT
Composites

Diameter
10 nm

Length
0.1 to 10 µm

TCR
0.036%/ °C

Sibinski et al
(2010)

MWCNT/PMMA
Composites

20 to 40 nm

0.5 to 5 µm

-0.130%/K

[17]

Di
Bartolomeo
et al (2009)

Freestanding
MWCNT

10 to 30 nm

Not reported

-0.070%/K

[18]

Kuo et al
(2007)

Laterally Grown
CNT

Not
reported

Not reported

0.020%/ °C

[19]
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Fung et al
(2004)

Polymer
Embedded Carbon
nanotube
(PECNT)

1 to 30 nm

1 to 10 µm

0.120%/ °C

[20]

Turkani et al
(2018)

CNT

10 to 30 nm

0.1 to 1 µm

0.400%/ °C

Present
Work

The higher TCR value for the printed thermistor can be attributed to the relatively shorter
length of the CNT used in this work. This is consistent with the results reported by Todri-Sanial
[46] and Naeemi et al. [48], who investigated the effect of varying diameter and length of CNT
on TCR by electro-thermal modelling and concluded that a higher negative TCR is achieved as
the length of the CNT decreases as compared to the neutral length (length at which TCR is 0) of
the CNT. Todri-Sanial reported that the neutral length for a 10 nm and 50 nm diameter CNT
were calculated to be 2.4 µm and 20.7 µm, respectively [47].
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Static Resistive Response of the Printed Thermistor
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Figure 4.6 (a) Dynamic and (b) static response of the printed thermistor.
The accuracy of the printed thermistor was determined using Steinhart’s equation which is
mathematically given by Eq. (3) [48].
1
𝑇

= 𝐴 + 𝐵 𝑙𝑛 𝑅 + 𝐶 (ln 𝑅)3

(3)
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where, T is the temperature in Kelvin, R is the resistance at temperature T. A, B and C are the
Steinhart coefficients which are used to calibrate the thermistor for better accuracy with the help
of three experimentally measured resistance values at precise temperatures. The Steinhart
coefficients are calculated using Eq. (4).
1

1
(1
1

3

ln(𝑅1 ) 𝑙𝑛 (𝑅1 ) 𝐴
ln(𝑅2 ) 𝑙𝑛3 (𝑅2 )) (𝐵 ) =
ln(𝑅3 ) 𝑙𝑛3 (𝑅3 ) 𝐶

𝑇1
1
𝑇2
1

(4)

(𝑇3 )

For the printed thermistor, Steinhart’s coefficients of A = 1.04 × 10-1, B = -1.25 × 10-2 and
C = 2.76 × 10-5 were calculated at three operating temperatures of -40° C (T1 = 233.15 K), 30° C
(T2 = 303.15 K) and 100° C (T2 = 373.15 K), respectively. Using the calculated Steinhart’s
coefficients, the accuracy of the printed thermistor was calculated to be ±0.5 °C and is shown in
Fig. 4.7(b) over a temperature of -40 °C to 100 °C. The accuracy of the printed thermistor is
comparable to commercially available thermistors with typical accuracies ranging from
± 0.001 °C - 0.1 °C [6].
The response time was recorded by introducing the printed thermistor, from room
temperature, into hot water that was maintained at 100 °C. Figure 4.7(a) shows the response
curve of the thermistor. A resistance change of 28% was obtained when compared to the
normalized base resistance at room temperature. A response time of ≈300 ms was recorded when
the thermistor was introduced from room temperature into the hot water. In addition, a recovery
time of 4 seconds was measured when the thermistor was removed from the hot water. The
measured response time for the printed thermistor is comparable with the performance of
conventional thermistor which typically range from 100 ms to 1 s [6].
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Figure 4.7 (a) Response time and (b) accuracy of the printed thermistor.
CNTs, which have holes as the majority charge carriers, typically exhibit p-type
semiconducting characteristics when exposed to gases or vapors [50]. When CNTs are exposed
to humidity, water molecules adsorb on its surface, and transfer of electrons occur thereby
resulting in the depletion of the holes [10]. This in turn causes a decrease in the electrical
conductivity of the CNTs, which is not desirable for temperature sensing applications [51]. The
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printed organic encapsulant layer, in the printed thermistor, provides protection from humidity
variations in the test environment. Figure 4.8(a) shows the resistive response of the thermistor
towards varying relative humidity ranging from 20% RH to 70% RH, in steps of 10% RH at two
constant temperatures of 30 °C and 50 °C. Average percentage change, in resistance, of 0.11%,
0.14%, 0.25%, 0.25% and 0.34% were obtained at 30 °C for the 30% RH, 40% RH, 50% RH,
60% RH and 70% RH, respectively when compared to the average base resistance of 519 ±3 kΩ
at 20% RH. Similarly, an average percentage change, in resistance, of 0.08%, 0.1%, 0.09%,
0.08% and 0.02% were obtained at 50 °C when compared to the average base resistance of
466 ± 4 kΩ at 20% RH. A maximum percentage drift in the resistance was 0.34% and 0.1% at
30 °C and 50 °C, respectively. The measured values show that the effect of humidity on the
response of the thermistor is minimal, at a constant temperature.
The stability of the thermistor over time was investigated by recording the resistive
response of the thermistor at -20 °C and +20 °C, over a period of 60 minutes each (Fig. 4.8(b)).
An average resistance of 734 ± 0.8 kΩ was measured at -20°C resulting in an average drift of
± 0.1%. When the temperature of the chamber was raised to +20 °C, a drift of ± 0.2% was
observed over the 60 minutes duration with an average resistance of 590 ± 1.2 kΩ, thus showing
a stable resistive response towards temperature. It was observed that the printed thermistor was
capable of sensing a broad range of temperatures (-40 °C to 100 °C) while demonstrating
stability against varying humidity (20% RH to 70% RH). From the results obtained, it is evident
that the fabricated thermistor using additive print manufacturing processes has the capability to
be employed for temperature sensing applications in biomedical, automotive, robotics, food and
agricultural industries. In addition, the flexibility and conformability of the miniaturized, fully
printed thermistor makes it viable for smart wearable applications.
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Figure 4.8 Stability of the printed thermistor towards (a) varying humidity and
(b) over time.

4.4

Summary
In this work, a fully printed CNT based thermistor was successfully fabricated on a

flexible PET substrate using additive print manufacturing processes. The silver electrodes,
organic and silver based encapsulation layers were screen printed and the CNT active layer was
gravure printed. Surface morphology of the various printed layers of the thermistor were
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characterized. The resistive response of the thermistor towards varying temperatures ranging from
-40 °C to 100 °C was investigated. An overall percentage change in resistance of 53% was
recorded with a TCR of -0.4%/°C. The stability of the thermistor was demonstrated by measuring
its response towards varying humidity, which resulted in a maximum change in resistance of
0.34% and 0.1% at 30 °C and 50 °C, respectively at 20% RH. A response time of ≈300 ms and a
recovery time of 4 seconds were measured for the printed thermistor with an accuracy of ±0.5 °C.
This work has demonstrated that thermistors fabricated using additive print manufacturing
processes have a significant potential in flexible and wearable electronics where light weight and
conformability with large scale manufacturing capabilities are paramount for improved userdevice interactions. Further research is underway to investigate the effects of characteristics, such
as flexibility and ageing, to implement the printed thermistor into a field deployable sensing
system.
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CHAPTER V
PRINTED NICKEL BASED RESISTANCE TEMPERATURE
DETECTOR ON FLEXIBLE POLYIMIDE SUBSTRATE
5.1

Introduction
With the advent of the industrial revolution, the need for temperature measurement in the

automobile, laboratory and consumer electronic industries has been a growing requirement [1, 2].
To address this need, research has focused on developing novel and cost-efficient, contact and
non-contact type temperature sensors. Non-contact type temperature sensors, such as infrared
thermometers, pyrometer and thermal imagers are based on the principal of measuring thermal
emission of electromagnetic radiation [2]. On the other hand, contact type temperature sensors
such as thermocouples, thermistors, and resistance temperature detectors (RTD), which are based
on the Seebeck effect, temperature dependence of transitional metal oxides and metals,
respectively, are more commonly implemented in industrial settings [2]. Thermistors are known
for their high sensitivity, fast response time but have limited dynamic temperature range and suffer
from nonlinear response, thereby requiring additional circuitry to linearize the response [2].
Thermocouples are small, robust and cover the widest temperature range (-270 °C to 2300 °C),
however they suffer from low sensitivity and accuracy when compared to thermistors and RTDs
[3]. RTDs are thermo-resistors which demonstrate a linear change in its electrical resistance and
are generally characterized by high accuracy and short response time along with simplified sensor
designs [4]. Due to the advantages associated with RTDs, when compared to thermistors and
thermocouples, it is important to develop novel RTDs for advancing the field of temperature
sensing technology.
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The mechanism of temperature sensing, in RTDs, is based on positive temperature
coefficient of electrical resistance in metals [2]. Common resistive metals used in the fabrication
of the RTD are metals such as platinum (Pt) [2], nickel (Ni) [5] and copper (Cu) [6]. In addition,
gold (Au) and silver (Ag) have also been reported for temperature sensing applications [7, 8].
Among these Pt is the commonly used resistive element in the fabrication of RTD due to its high
accuracy in measuring temperatures. However, it is relatively expensive and suffer from a low
response and TCR value (0.31 % / °C) [2, 9]. Similarly, Au and Ag are also expensive and have
low TCR values (0.34 % / °C and 0.1% / °C) [7, 8]. Cu is prone to oxidation at low temperature
(<300 °C), thereby restricting the range of temperature sensing [10]. Ni on the other hand, has
better stability, relatively higher TCR (0.57% /°C) and sensitivity when compared to other metals
[5, 11, 12, 44]. Despite these advantages, there are relatively few reports on the use of Ni for the
development of RTDs. Therefore, more efforts are needed to adopt Ni based RTDs as temperature
sensors.
Conventionally, RTDs have been fabricated on rigid and thick, ceramic and alumina
substrates using photolithography and thermal evaporation processes [2, 5]. These techniques are
relatively expensive and time consuming as they require high vacuum, large power density, and a
high temperature environment. Besides this, the rigidity of the substrates also prevent their use in
applications that require mechanical flexibility and conformability to varying form factors. To
overcome the limitations associated with traditional RTDs, additive print manufacturing processes
can be used for the development of cost efficient, flexible and conformal RTDs. Additive print
manufacturing processes such as screen, inkjet, gravure and flexography, have been used for
advancing the emerging field of flexible hybrid electronics (FHE). Many researchers have taken
advantage of these process in developing radio frequency identification tags [13, 14], sensors [15-
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24], solar cells [25, 26], antennas [27] and circuits [28, 29]. In a recent work, two types of printing
processes: screen and gravure printing, were employed for demonstrating the capability of
developing printed thermistors on a flexible polyethylene terephthalate substrate [30]. Even though
the inkjet printing process has also been used for the development of Ag based RTDs on flexible
substrates, the reported TCR values are relatively lower when compared to Ni based RTDs
fabricated on rigid substrates [31, 32, 4, 8]. The use of additive print manufacturing processes to
develop flexible RTDs that use Ni, as sensing element, is envisioned to be a promising solution
for the development of novel RTDs with better performance.
In this work, to the best of our knowledge, we report the first ever printed Ni based RTD
on a flexible polyimide (PI) substrate. Screen printing, a push through process was employed for
depositing Ni ink on the PI substrate. The capability of the fabricated device to monitor
temperature was investigated by subjecting the printed RTD to varying temperatures ranging from
-60 °C to 180 °C, in steps of 20 °C at a constant relativity humidity of 20 %RH.

5.2

Experimental

5.2.1 Chemicals and Materials
Flexible polyimide (PI) film (Kapton® 200MT) from DuPontTM, with a thermal
conductivity of 0.46 Wm-1K-1 [33] was used as the substrate. PI film was chosen as a substrate due
its ability to withstand temperatures as high as 450 °C [34]. A thermoplastic polymer/resin based
Ni nanoparticle ink (Model No. XCUS78095) from PPG Industrial Coatings was used for
depositing temperature sensing meander trace. Diethylene glycol monoethyl ether acetate (99%,
Product No. 537527), from Sigma-Aldrich Chemical Company, was used as the cleaning solvent.
A flat flexible connector (FFC) (Model No. 65801-002LF), from Amphenol ICC, was used to
make electrical connections to the printed RTD.
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5.2.2 Print Compatibility
The ability of the substrate to wet the ink is determined by both surface energy (SE) of the
substrate and the surface tension (ST) of the ink, which consequently affects adhesion [30]. To
obtain good print compatibility and adhesion properties between the printed layer and the
substrate, the SE of the substrate should be greater than the ST of the ink to be printed [35, 36].
The SE of the PI substrate and ST of the Ni ink were measured with a goniometer (First Ten
Angstroms FTA-200) using Owens Wendt method [37] and pendant drop method [38],
respectively (Fig. 5.1(a)). The SE for PI and ST of the ink were measured to be
42.35 ± 0.56 dynes/cm and 15.64 ± 0.29 dynes/cm, respectively (Fig. 5.1(b)). These values
demonstrate that the SE of PI is ≈27 greater than ST of Ni ink. It was thus evident that the Ni ink
was print compatible with the PI substrate.

Contact angle: 47.1 ± 3.6
degree

(b)

(a)

Figure 5.1. Print compatibility: (a) ST of the Ni ink and (b) comparison of SE and ST of
substrate and ink respectively.
80

5.2.3 Thermogravimetric Analysis
A thermogravimetric analyzer (TA Instruments Q500) was used to study the thermal
behavior of the Ni ink from 25 °C to 400 °C with a ramp rate of 5 °C/min (Fig. 5.2). About 22%
of weight loss was observed at 140 °C due to the evaporation of the organic solvent present in the
ink. At 200 °C, decomposition of the thermoplastic resin/binder in the ink system started to occur
resulting in an additional weight loss of 3%. Decomposition of the binder would eventually
dislocate the nanoparticles from the substrate, thereby deteriorating the performance of the device.
About 75% of binder and solvent free Ni, when compared to the total ink weight was left behind
above 210 °C. Thus, it was concluded that the Ni ink could withstand a maximum temperature of
200 °C.

Solvent
Evaporates

Resin/Binder
Decomposition
Occurs

Figure 5.2. Thermogravimetric Analysis of Ni ink.

5.2.4 Sensor Fabrication
Figure 5.3 shows the schematic of the RTD designed using Adobe Illustrator® software.
The RTD has an overall dimension of 2.5 cm × 1.2 cm and consists of a 1.5 cm long meander trace
81

(width = 200 µm and pitch = 400 µm) for the resistive elements. The fabrication of the RTD was
performed using a semi-automatic screen printer (AMI MSP 485). Figure 5.4(a) shows the steps
involved in the fabrication of the RTD. Initially, the surface of the PI substrate was cleaned with
isopropyl alcohol (IPA) and was heated at a temperature of 150 °C for 2 hours on a VWR®
Signature 810 hot plate to remove any organic impurities present on the surface of the substrate.
Then, a pre-patterned stainless-steel screen, fabricated at Microscreen®, with 325 mesh count, wire
diameter of 28 µm, mesh angle of 22.5° and 12.7 µm thick MS-22 emulsion was used to deposit
the meander trace pattern of Ni ink on the substrate. The printed Ni ink was thermally cured in a
VWR 1320 temperature controlled oven at 135 °C for 5 minutes to form the Ni based RTD.
Photograph of the fabricated RTD is shown in Fig. 5.4(b).

1.5 cm

2.5 cm

-Trace Length

1.2 cm

Figure 5.3. Schematic of the RTD (Not to scale).
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Step 1: Polyamide (PI) substrate cleaned with
IPA; heated at 150 °C for 2 hours

Squeegee
Screen
Printed Ni ink
Step 2: Screen printing of nickel (Ni) ink on PI
substrate

Step 3: Screen printed Ni ink cured at 130 °C
for 5 mins
(a)

Ni Meander
Trace

Kapton®
200MT
(b)

Figure 5.4. (a) Fabrication steps of the printed thermistor (b) photograph of the
printed sensor (Inset: SEM image of the printed meander trace corner).
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5.2.5 Surface Characterization of the Printed Nickel
Surface characterization of the printed Ni was performed using a Carl Zeiss EVO® MA15 Variable-Pressure Scanning Electron Microscope (VP-SEM) at an accelerating potential of
20 keV. Initially, the printed RTD was prepared by coating Au/Pd for one minute using Leica EM
ACE200 sputter coater to obtain high resolution images. The high vacuum SEM micrographs of
the printed Ni obtained at secondary electron imaging mode are shown in Fig. 5. The images are
shown in increasing order of magnification (50X to 50KX). From Fig. 5.5(a) and Fig. 5.5(b), it is
evident that the gap between the meander traces is less than 200 µm. This could be attributed to
increased wetting of the ink resulting in spreading since the SE of PI is 27 mN/m greater than the
ST of the ink. Particle arrangement of Ni in the printed trace can be seen in Fig 5.5(c) and Fig.
5.5(d). The dark regions which range from 5 to 10 µm and can be attributed to void/gaps due to
printing. Further, it is evident from Fig. 5.5(e) and Fig. 5.5(f) that the printed Ni particles exhibited
typical cubic or multi-angular morphology [39, 40]. In addition, spherical Ni particles were also
observed due to low temperature sintering (curing) of the Ni particles [39]. High vacuum image of
a unit Ni nano particle (≈600 nm), at 50KX, is shown in Fig. 5(g). Finally, Fig. 5.5(h) shows an
ultramicrotome cross-sectional view of the printed Ni layer on the PI substrate, indicating ≈17 µm
height for the deposited Ni. In addition, an average thickness and roughness of 16.6 ± 0.5 µm (Fig.
5.6(a)) and 4.2 ± 0.1 µm (Fig 5.6(b)), respectively, was measured using a Bruker Counter GT- K
vertical scanning interferometer. It is observed that the measured average thickness is, thus, in
correlation with the height of the deposited Ni as denoted by SEM micrograph (Fig. 5.5(h)).

84

(a)
100 µm

(b)

(c)

(d)

100 µm

10 µm

10 µm

(e)

1 µm

(f)

1 µm

(g)

200 nm

(h)

10 µm

≈17µm

Ni
Kapton® 200 MT

Figure 5.5. SEM micrographs of printed Ni on the substrate.
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Scan Height (µm)

(a)

Scan Length (µm)

(b)

Sa = 4.2 µm

Figure 5.6. 3D output of the vertical scanning interferometry showing (a) thickness
and (b) roughness of printed Ni.

5.2.6 Experimental Setup
The experiment setup to investigate the resistive response of the printed RTD towards
varying temperature is shown in Fig. 5.7. Electrical connections to the printed RTD were made
using the FFCs. The printed RTD was subjected to temperatures varying from -60 °C to 100 °C,
in steps of 10 °C, at constant humidity of 20 %RH in a Thermotron® SE 1000 environmental
chamber. The chamber is equipped with an 8800 data acquisition (DAQ) system for controlling,
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monitoring, graphing and reporting environmental chamber data. The temperature of the chamber
was recorded using an integrated T-type (Copper/Constantan) thermocouple (T-20 B/W). During
the experiment, an Agilent E4980A precision LCR meter, controlled by a custom-built
LabVIEW™ program on the PC, was used to record the resistive response of the RTD at an
operating frequency of 1 kHz and an applied voltage of 1 V.

Thermotron® SE - 1000
Environmental Chamber
Response towards
Temperature

PC with LabVIEW™

Connected
Via USB

Connected Via
Wires

Printed RTD

Agilent E4980a
Precision LCR Meter

Figure 5.7. Experiment setup.
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5.3 Results and Discussion
The Energy dispersive X-ray spectroscopy (EDS) was performed on the printed RTD using
Dual Bruker Xflash 6/30 X-ray spectrometers attached to a EVO MA-15 SEM. X-rays emitted by
the sample, when it is bombarded by the SEM’s electron beam, have energies associated with the
elements present. These energies provide semi quantitative analysis of the elements present in the
sample [41]. Figure 5.8(a) shows the dispersion of the energy spectrum of X-rays from the selected
micro-area (176 µm2) of the sample (inset). The analysis of the elemental composition was
performed with the electron beam at a fixed position, for a counting time of 60 s. and with an
accelerating voltage of 12 kV. Distinct characteristic peaks for Ni at 0.8 and 7.5 keV are confirmed
by the EDS spectra, which are consistent with the peaks reported for Ni [42, 43]. Presence of Au
(4.05 wt%) and Pd (0.93 wt%) was also confirmed by the spectra, which is due to the coating
involved during the sample preparation for SEM analysis. In addition, the spectra revealed the
presence of trace quantities of carbon (C) (0.09 wt%), which could be due to the polymeric resin
or the binder present. The elemental composition of the printed sample indicating 95 wt% of Ni
presence in the printed sample is also shown in Fig. 5.8(a). Finally, X-ray dot mapping was used
to confirm the composition of the printed sample with respect to EDS elementary analysis. Figure
5.8(b) shows the same micro-area (176 µm2) of the printed Ni that was considered for EDS before
X-ray dot mapping while, Fig. 5.8(c) shows the X-ray dot map revealing the presence of small
percentage (0.09 wt%) of C (pink color) when compared to large percentage (95 wt%) of Ni (green
color).

88

EDS

(a)

3 µm

(b)

3 µm

(c)

Figure 5.8. (a) Energy dispersive X-ray spectroscopy (EDS) of the printed Ni (b) X –ray dot
map of micro area for EDS and (c) X –ray dot map revealing the presence of C and Ni.
Figure 5.9(a) shows the dynamic resistive response of the printed RTD to varying
temperatures. As the temperature was increased from -60 °C to 180 °C, in steps of 10 °C,
resistance of the RTD increased over time, exhibiting temperature dependence of electrical
resistance in the deposited Ni. The increase in temperature increases the energy of the atoms
present in the metallic (Ni) body [8]. This increase in energy of the atoms creates a tendency for
the atoms to vibrate, resulting in collision of moving electrons present in conduction band [8]. This
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collision between the electrons results in energy loss that translates to an increase in the resistance,
thus confirming the temperature dependence of resistance [8].
Figure 5.9(b) shows the average static resistive response of three RTD sensors for similar
varying temperatures. It was observed that the resistance of the RTD increased linearly, when the
temperature was varied from -60 °C to 180 °C, covering a broad range of temperature. Resistance
changes of 113% were observed for the printed RTD at 180 °C, when compared to the base
resistance values at -60 °C. It was observed that the resistance value at 180 °C did not fit in the
linear range. The increased resistance value at 180 °C can be due to the gradual dislodging of the
deposited Ni nanoparticles as a result of decomposition of the binder. Due to this the overall
dynamic input range of the RTD was restricted from -60 °C 160 °C. The sensitivity of an RTD,
over a given range of temperature, is defined by its TCR (α) [6]. The TCR of an RTD is
mathematically calculated using Eq. (1) [6].
1

𝛼 = ((𝑅 ))
𝑇𝑖

(𝑅𝑇𝑖 −𝑅𝑇𝑓 )
(𝑇𝑖 −𝑇𝑓 )

(5.1)

where 𝑅𝑇𝑖 and 𝑅𝑇𝑓 are the resistance values obtained at initial temperature 𝑇𝑖 and final temperature
𝑇𝑓 . An average α of 0.44%/°C was calculated for the fabricated RTD. The TCR was calculated by
considering the resistances recorded at initial temperature -60 °C and final temperature 160 °C.
The results obtained for the printed RTD demonstrated a 300% increase in the TCR value when
compared to the TCR of a printed Ag based RTD (0.1%/°C) reported by Ali et al. [8]. The obtained
TCR value of the printed RTD is also comparable to the TCR value of Ni wire based temperature
sensing fabric (0.48%/°C) reported by Husain et.al [44]. In addition, the TCR value of the printed
Ni based RTD is better than several other printed Ag based RTD [8, 4, 32, 31] and a comparison
is shown in Table 5.1.
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(a)

(b)

Figure 5.9. (a) Dynamic and (b) static response of the printed RTD.
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Table 5.1: Comparison of TCR between the present printed Ni RTD and other reported
printed RTDs
Author

Materials

TCR

References

Ali et al
(2016)

Ag Nanoparticles

0.1%/ °C

[8]

Dankoco et al
(2016)

Organic Ag nanoparticle complex
compound

0.2%/°C

[4]

Courbat et al
(2011)

Ag Nanoparticles

0.1%/ °C

[31]

Briand et al
(2012)

Ag Nanoparticles

0.09%/°C

[32]

Hussain et al
(2013)

Ni Wire

0.48%/°C

[43]

Turkani et al
(2018)

Ni Nanoparticles

0.47%/ °C

Present Work

Additionally, the thermal response curve of the printed RTD is shown in Fig 5.10. It was
observed that the response of the printed RTD follows the response of the T-type thermocouple
equipped in the environmental chamber, when the temperature of the chamber was varied from
80 °C to 100 °C. The thermocouple typically takes no more than 10 s [3] to respond to a
temperature change. Thus, the response time of the printed RTD can be estimated to be <10 s and
is comparable with the performance of a conventional RTD, which typically ranges from 1 s to
50 s [3].
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Figure 5.10. Thermal response curve of printed RTD.
Figure 5.11 (a) shows the transient response of the printed RTD towards dynamic heatingcooling cycles. The temperature in the chamber was cycled between -40 °C to 160 °C, at constant
relative humidity of 20 %RH, and the response of the printed RTD followed the cycles with
increase and decrease in the resistance values thus demonstrating the repeatability of the RTD. The
stability of the printed RTD over time was investigated by recording the resistive response of the
RTD at various temperatures, for a period of 16 hours (Fig. 5.11(b)), at constant chamber relative
humidity of 20 %RH. A drift of 0.10%, 0.20%, 0.10%, 0.10%, 0.15%, 0.17%, in the resistance,
was observed for constant temperatures of -60 °C, -40 °C, 40 °C, 60 °C, 140 °C and 160 °C,
respectively, thus showing a stable response. It was observed that the printed RTD was capable of
sensing a broad range of temperatures (-60 °C to 180 °C) while demonstrating good stability over
time. From the results obtained, it is evident that the printed RTD has the capability to be employed
for temperature sensing applications in automobile, laboratory and consumer electronic industries.

93

(a)

(b)

Figure 5.11. (a) Transient response of printed RTD (b) stability of the printed RTD
over time.
5.4

Summary
In this chapter, a novel, printed Ni based RTD was successfully fabricated on a flexible PI

substrate. The Ni ink was deposited on the PI substrate using screen printing. Surface
morphological characterization was performed on the printed RTD using SEM and interferometry.
EDX was used to obtain semi-quantitative information of the elements present in the printed RTD.
The resistive response of printed RTD towards varying temperatures ranging from -60 °C to
180 °C was investigated at constant humidity of 20 % RH. An overall percentage change in
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resistance of 113% was recorded with a TCR of 0.47%/°C. The response time of the printed RTD
was found to be <10 s. This work has demonstrated that RTDs fabricated using screen printing on
flexible substrates have a significant potential in temperature sensing applications where light
weight and conformal features along with large scale manufacturing capabilities are paramount for
improved user-device interactions. Further research is underway to investigate the performance of
the printed RTD after encapsulation to study its stability against varying humidity. The effect of
mechanical stresses such as bending, twisting, and stretching on the performance of the RTD is
also under investigation to determine appropriate output compensation needed before
implementing the printed RTD into a field deployable sensing system.
In the next chapter, the author will conclude all the projects and provide some suggestions
for the future work.
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CHAPTER VI
CONCLUSION AND FUTURE WORK
6.1

Summary
The author has successfully demonstrated the design, fabrication and characterization of

two types of thermal sensors using traditional printing processes, screen and gravure printing. First,
a carbon nanotube NTC thermistor using traditional screen and gravure printing processes on a
flexible PET substrate was developed and its ability to monitor temperatures varying from -40 °C
to 100 °C was demonstrated. Next, a screen printed Nickel based RTD was developed on a flexible
polyimide substrate and the printed RTD was able to successfully monitor a broad range of
temperature varying from -60 °C to 180 °C. The performance results obtained through this research
work are summarized below:
In the first project, a fully printed carbon nanotube (CNT) based negative temperature
coefficient (NTC) thermistor was developed for temperature monitoring applications. The multilayer NTC thermistor was fabricated using additive print manufacturing processes on a flexible
polyethylene terephthalate (PET) substrate. Two silver (Ag) electrodes were printed using screen
printing process. A CNT based active layer was deposited by means of gravure printing. Organic
and silver encapsulation layers were deposited using screen printing. The capability of the
fabricated thermistor was investigated by measuring its response towards temperatures varying
from -40 °C to 100 °C, in steps of 10 °C. As the temperature was increased from -40 °C to 100 °C,
the resistive response of the thermistor decreased exponentially with an overall percentage change
of 53% with the temperature coefficient of resistance (TCR) of -0.4%/°C. The stability of the
printed thermistor towards relative humidity (RH) varying from 20% RH to 70% RH, in steps of
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10% RH at two constant temperatures of 30 °C and 50 °C, was also studied. A maximum change
of 0.34% and 0.1% was observed at 30 °C and 50 °C, respectively, when compared to its base
resistance at 20% RH. In addition, a response time of ≈300 ms and a recovery time of 4 s were
measured for the printed thermistor with an accuracy of ±0.5 °C. From the results obtained, it is
evident that the fabricated thermistor using additive print manufacturing processes has the
capability to be employed for temperature sensing applications in biomedical, automotive,
robotics, food and agricultural industries. In addition, the flexibility and conformability of the
miniaturized, fully printed thermistor makes it viable for smart wearable applications
In the second project, a novel nickel (Ni) based resistance temperature detector (RTD) was
successfully developed for temperature monitoring applications. The RTD was fabricated by
depositing Ni ink on a flexible polyimide substrate using screen printing. Scanning electron
microscopy and white light interferometry was used to perform surface morphological
characterization. Energy dispersive X-ray spectroscopy was used to obtain semi-quantitative
information of the elements present in the printed RTD. The capability of the RTD to detect
temperatures varying from -60 °C to 180 °C, in steps of 20 °C was investigated at constant
humidity of 20 %RH. The results of the RTD demonstrated a linear response with resistive changes
as high as 113% at 180 °C, when compared to its base resistance at -60 °C. An average TCR of
0.47%/°C was obtained for the printed RTD. In addition, a response time of <10 s was obtained
for the printed RTD against a commercial thermocouple equipped in the environmental chamber.
It was observed that the printed RTD was capable of sensing a broad range of temperatures (-60 °C
to 180 °C) while demonstrating good stability over time. From the results obtained, it is evident
that the printed RTD has the capability to be employed for temperature sensing applications in
automobile, laboratory and consumer electronic industries.
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6.2

Suggestions for Future Work
Based on the experience gained during the course of this thesis, the author believes that

the presented projects can be further improved by implementing some of the following
suggestions.
A CARBON NANOTUBE BASED NTC THERMISTOR USING ADDITIVE PRINT
MANUFACTURING PROCESSES
➢ The effects of mechanical parameters such as bending, twisting, and stretching must be
determined for applying appropriate output compensation measures before deploying the
thermistor on a wearable application.
➢ Investigate novel temperature sensing materials such as graphene and testing the thermistor
for better performance [1].
PRINTED NICKEL BASED RESISTANCE TEMPERATURE DETECTOR ON FLEXIBLE
POLYIMIDE SUBSTRATE
➢ Investigate the performance of the printed RTD after encapsulation to study its stability
against varying humidity.
➢ More Investigation is needed to incorporate binders with high decomposition temperature
in the ink system and thereby increasing the dynamic range of the printed RTD.

6.3

Conclusion
The author has highlighted the novelty of this work by demonstrating the capability of

traditional printing processes to develop thermal sensors on flexible substrates. The primary
advantage of these processes is that they involve selective deposition of functional materials in a
continuous layer-on-layer process. This overcomes the need for masking and etching used in
conventional fabrication techniques of thermal sensors. Consequently, these techniques result in
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low wastage of materials and thereby increasing the production speed due to fewer number of
fabrication steps [2].
In the first work a multi-layered CNT based NTC thermistor was fabricated using
traditional printing processes on a PET substrate. Screen printing, a push through process was
employed for depositing the electrodes as well as the primary and secondary encapsulation layers.
Gravure printing, known for its relatively high speed and capability to produce fine feature size
for variable ink film thickness, was employed for depositing the active layer. The performance of
the thermistor was investigated by measuring its response towards varying temperatures (-40 °C
to 100 °C) and relative humidity (RH) (20 %RH to 70 %RH)
In the second work, to the best of author’s knowledge, the first ever printed Ni based RTD
on a flexible polyimide (PI) substrate was developed. Screen printing was employed for depositing
Ni ink on the PI substrate. The capability of the fabricated device to monitor temperature was
investigated by subjecting the printed RTD to varying temperatures ranging from -60 °C to 180 °C
at a constant relativity humidity of 20 %RH.
From the results obtained it was observed that the developed printed thermal sensors were
capable of sensing a broad range of temperatures while demonstrating good stability. It is thus
evident that the fabricated thermal sensors using traditional printing processes have the capability
to be employed for temperature sensing applications in diverse fields including defense,
aerospace, biomedical, automotive, and food industries. In addition, the flexibility and
conformability of these sensors, make them viable for smart wearable applications.
The author looks forward to apply the ideas and skills gained through this thesis in realizing
inexpensive, rapid detection and highly sensitive sensors for their use in the biomedical and
defense fields. Development of hardware designs for miniaturized health monitoring systems will
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also continue to be a research interest for the author. In addition, future research endeavors will
also address the challenges put forward by technology in the development of flexible and costefficient sensing systems
This interdisciplinary field requires understanding of material chemistry, printing
technologies as well as electrical signal processing. Collaborative efforts with scientists from these
fields will provide an opportunity to obtain useful insights in understanding electronic materials
behavior. Accordingly, a doctoral degree will be the most logical extension towards the research
interests and certainly aid in the due course of establishing the author as a credible authority in the
field of flexible hybrid electronics.
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